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(54) Title: DESIGN AND CONTROL STRATEGY FOR CATALYTIC COMBUSTION SYSTEM WITH A WIDE OPERATING 
RANGE 

(57) Abstract: The present additional control strategy has been developed to allow the gas turbine to operate at lower load or at 
other conditions where the total fuel required by the gas turbine is not optimum for full combustion of the fuel. The present invention 
manages air that bypasses the catalytic combustor and air that bleeds off of the compressor discharge. The bypass system changes 
the fuel air ratio of the catalytic combustor without affecting the overall gas turbine power output. The bleed system also changes 
the fuel air ratio of the catalytic combustor but at the cost of reducing the overall gas turbine efficiency. The key advantage of a 
catalytic combustor with a bypass and bleed system and the inventive control strategy is that it can maintain the catalyst at optimum 
low emissions operating conditions over a wider load range than a catalytic combustor without such a system. 



wo 03/021150 



PCT/US02/27590 



DESIGN AND CONTROL STRATEGY FOR CATALYTIC COMBUSTION 
SYSTEM WITH A WIDE OPERATING RANGE 

FIELD OF THE INVENTION 
[0001] This application relates to combustion control systems, and more 

particularly to dynamic, real time combustion control systems and methods for use with 
catalytic combustion processes, particularly as they relate to and are utilized by gas turbine 
engines. 

BACKGROUND 

[0002] In a conventional gas turbine engine, the engine is controlled by monitoring 

the speed of the engine and adding a proper amount of fuel to control the engine speed. 
Specifically, should the engine speed decrease, fuel flow is increased thus causing the 
engine speed to increase. Similarly, should the engine speed increase, fuel flow is 
decreased causing the engine speed to decrease. In this case, the engine speed is the control 
variable or process variable monitored for control. 

[0003] A similar engine control strategy is used when the gas turbine is connected 

to an AC electrical grid in which the engine speed is held constant as a result of the 
coupling of the generator to the grid frequency. In such a case, the total fiiel flow to the 
engine may be controlled to provide a given power output level or to run to maximum 
power with such control based on controlling exhaust gas temperature or turbine inlet 
temperature. Again, as the control variable rises above a set point, the fuel is decreased. 
Altematively, as the control variable drops below the set point, the fuel flow is increased. 
This control strategy is essentially a feedback control strategy with the fuel control valve 
varied based on the value of a control or process variable compared to a set point. 
[0004] In a typical combustion system using a diffusion flame burner or a simple 

lean premixed burner, the combustor has only one fuel injector. In such systems, a single 
valve is typically used to control the fuel flow to the engine. In more recent lean premix 
systems however, there niay be two or more fuel flows to different parts of the combustor, 
with such a system thus having two or more control valves. In such systems, closed loop 
control is based on controlling the total fiiel flow based on the required power output of the 
gas turbine while fixed (pre-calculated) percentages of flow are diverted to the various 
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parts of the combustor. The total fuel flow will change over time. In addition, the desired 
fuel split percentages between the various fuel pathways (leading to various parts of the 
combustor) may either be a function of certain input variables or they may be based on 
calculation algorithm using process inputs such as temperatures, airflow, pressures etc. 
Such control systems offer ease of control due primarily to the very wide operating ranges 
of these conventional combustors and the ability of the turbine to withstand short spikes of 
high temperature without damage to various turbine components. Moreover, the fuel/air 
ratio fed to these combustors may advantageously vary over a wide range with the 
combustor remaining operational. A wide variety of such control strategies can be 
employed and a number of these have been described in the literature. 
[0005] A properly operated catalytic combustion system can provide significantly 

reduced emissions levels, particularly of NOx. Unfortunately, however, such systems may 
have a much more limited window of operation compared to conventional diffusion flame 
or lean premix combustors. For example, fuel/air ratios above a certain limit may cause the 
catalyst to overheat and lose activity in a very short time. In addition, the inlet temperature 
may have to be adjusted as the engine load is changed or as ambient temperatxire or other 
operating conditions change. 

SUMMARY 

[0006] In accordance with one aspect of the invention, there is provided a method 

of controlling a catalytic combustion system. The catalytic combustion system comprises 

an air supply, a flame bumer, a fuel injector positioned downstream of the flame burner and 

a catalyst positioned downstream of the fuel injector. A flow path containing a valve 

directs a portion of the airflow to bypass the catalyst. A portion of the fuel combusts within 

the catalyst and a remainder of the fuel combusts in the region downstream of the catalyst. 

The method includes the steps of determining the adiabatic combustion temperature at the 

catalyst inlet, and adjusting the airflow that bypasses the catalyst to maintain the adiabatic 

combustion temperature at the catalyst inlet within a predetermined range. 

[0007] In accordance with another aspect of the invention, there is provided a 

method of controlling a catalytic combustion system. The catalytic combustion system 

comprises an air supply, a flame bumer, a fuel injector positioned downstream of the flame 

bumer and a catalyst positioned downstream of the fuel injector. A flow path containing a 

valve directs a portion of the airflow to bypass the catalyst. A portion of the fuel combusts 
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within the catalyst and a remainder of the fuel combusts in the region downstream of the 
catalyst. The method includes the steps of determining the adiabatic combustion 
temperature at the catalyst inlet, measuring the exhaust gas temperature, calculating the 
exhaust gas temperature at full load, and adjusting the airflow that bypasses the catalyst to 
maintain the adiabatic combustion temperature at the catalyst inlet based upon a 
predetermined schedule. The predetermined schedule relates the i) adiabatic combustion 
temperature at the catalyst inlet to ii) the difference between the measured exhaust gas 
temperature and the calculated exhaust gas temperature at full load. 
[0008] In accordance with yet another aspect of the invention, there is provided a 

method of controlling a catalytic combustion system. The catalytic combustion system 
comprises an air supply, a flame burner, a fuel injector positioned downstream of the flame 
burner and a catalyst positioned downstream of the fiiel injector. A flow path containing a 
valve directs a portion of the airflow to bypass the catalyst. A portion of the fuel combusts 
within the catalyst and a remainder of the fuel combusts in the region downstream of the 
catalyst. The method includes the steps of determining the adiabatic combustion 
temperature at the catalyst inlet, measuring the load, calculating full load, and adjusting the 
airflow that bypasses the catalyst to maintain the adiabatic combustion temperature at the 
catalyst inlet based upon a predetermined schedule. The predetermined schedule relates the 
i) adiabatic combustion temperature at the catalyst inlet to ii) the difference between the 
measured load and the calculated full load. 

[0009] In accordance with another aspect of the invention, there is provided a 

method of controlling a catalytic combustion process consisting of a combustion zone 
through which air is flowed. The process includes a fuel injection means to provide fuel to 
a catalyst and one or more catalyst sections wherein a portion of the fuel is combusted 
within the catalyst. The remaining fuel exits the outlet face of the catalyst and combusts in 
a homogeneous combustion reaction in the space downstream of said catalyst outlet face. 
The process also includes a bypass system operation that is based on engine output power 
to maximize the low emissions operating range of said catalyst. The bypass valve closed 
loop control is based on a flow measuring device. 

[0010] In accordance with another aspect of the invention, there is provided a 

method of controlling a catalytic combustion process consisting of a combustion zone 

through which air is flowed. The process includes fuel injection means to provide fuel to a 

catalyst and one or more catalyst sections wherein a portion of the fiiel is combusted within 
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the catalyst. The remaining fiiel exits the outlet face of the catalyst and combusts in a 
homogeneous combustion reaction in the space downstream of said catalyst outlet face. 
The bypass system operation is based on fundamental engine performance measurements 
such as exhaust gas temperature, ambient temperature, compressor discharge pressure, and 
compressor discharge temperature* The bypass valve closed loop control is based on the 
valve's feedback position. 

[0011] In accordance with another aspect of the invention, there is provided a 

method of controlling a catalytic combustion process consisting of a combustion zone 
through which air is flowed. The process includes a fiiel injection means to provide fuel to 
a catalyst and one or more catalyst sections wherein a portion of the fuel is combusted 
within the catalyst. The remaining fuel exits the outlet face of the catalyst and combusts in 
a homogeneous combustion reaction in the space downstream of said catalyst outlet face. 
A bleed system operation is based on exhaust gas temperature to maximize the low 
emissions operating range of said catalyst. The bleed valve closed loop control is based on 
exhaust gas temperature. 

[0012] In accordance with another aspect of the invention, there is provided a 

method of controlling a catalytic combustion process consisting of a combustion zone 
through which air is flowed. The process includes a fuel injection means to provide fuel to 
a catalyst and one or more catalyst sections wherein a portion of the fuel is combusted 
within the catalyst. The remaining fuel exits the outlet face of the catalyst and combusts in 
a homogeneous combustion reaction in the space downstream of said catalyst outlet face. 
A bypass system operation is based on engine output power to maximize the low emissions 
operating range of said catalyst. A bleed system operation is based on exhaust gas 
temperature to further increase the low emissions operating range of the catalyst. The 
bypass valve closed loop control is based on a flow measuring device. The bleed valve 
closed loop control is based on exhaust gas temperature. 

[0013] In accordance with another aspect of the invention, there is provided a 

method of controlling a catalytic combustion system comprising a combustor having an air 

supply, a flame bumer, a fuel injector positioned downstream of the flame bumer and a 

catalyst positioned downstream of the fuel injector. A flow path containing a valve directs 

a portion of the airflow to bypass the catalyst, wherein a portion of the fuel combusts 

within the catalyst and a remainder of the fuel combusts in the region downstream of the 

catalyst. The method includes the steps of measuring at least one thermodynamic 

4 



wo 03/021150 



PCT/US02/27590 



combustion system parameter, selecting a first predetermined schedule that relates the at 
least one thermodynamic combustion system parameter to a predetermined airflow that 
bypasses the catalyst, and controlling the airflow that bypasses the catalyst by selecting the 
predetermined airflow that bypasses the catalyst from the first predetermined schedule 
based on the at least one measured thermodynamic combustion system parameter. 
[0014] In accordance with another aspect of the invention, there is provided a 

method of controlling a catalytic combustion system comprising a combustor having an air 
supply, a flame bumer, a fuel injector positioned downstream of the flame burner and a 
catalyst positioned downstream of the fuel injector. A flow path containing a valve bleeds 
combustor inlet air flow. A portion of the fuel combusts within the catalyst and a 
remainder of the fuel combusts in the region downstream of the catalyst. The method 
includes the steps of measuring at least one thermodynamic combustion system parameter, 
selecting a first predetermined schedule that relates the at least one thermodynamic 
combustion system parameter to a predetermined airflow that bleeds combustor inlet air 
flow, and controlling the airflow that bleeds combustor inlet air flow by selecting the 
predetermined airflow that bleeds combustor inlet air flow from the first predetermined 
schedule based on the at least one measured thermodynamic combustion system parameter. 



BRIEF DESCRIPTION OF THE DRAWINGS 
[0015] The foregoing and other advantages of the invention will become apparent 

upon reading the following detailed description and upon reference to the drawings in 
which: 

[0016] FIG. 1 is a diagram of a gas turbine system; 

[0017] FIG. 2 is a diagram of a catalytic combustion system; 

[0018] FIG, 3 is a diagram of a catalytic combustion system with associated 

temperature and fuel concentration profiles; 

[0019] FIG. 4 is a diagram of a catalytic combustion system with varying location 

of the post catalyst homogeneous wave; 

[0020] FIG. 5 A is a graph of catalyst inlet temperature versus fiiel-to-air ratio 

depicting an operating window diagram for a catalytic combustion system; 
[0021] FIG. 5B is a graph of catalyst inlet temperature versus fuel-to-air ratio 

depicting a shift in the operating window for a catalytic combustion system; 
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[0022] FIG. 6 is a diagram of a catalytic combustion system with a bypass and 

bleed; 

[0023] FIG. 7 is a diagram of a catalytic combustion system with a bypass and with 

associated temperature and fuel concentration profiles; 

[0024] FIG. 8 is a diagram of a catalytic combustion system with associated 

temperature and fiiel concentration profiles and change in profile due to air bleed; 
[0025] FIG. 9 is a schematic diagram of functional elements for the control of the 

bypass; 

[0026] FIG. 10 is a schematic diagram of functional elements for the control of the 

bleed and bypass; 

[0027] FIG. 11 is a schematic diagram of functional elements for a prior art control 

strategy for a catalytic combustion system; 

[0028] FIG. 12 is a schematic diagram of functional elements for a control strategy 

for a catalytic combustion system of the present invention; 

[0029] FIG. 13 is a schematic diagram of functional elements for a control strategy 

for a catalytic combustion system incorporating bypass and bleed controls of the present 
invention; 

[0030] FIG. 14 is a schematic diagram of the functional elements for a bypass 

control strategy for a catalytic combustion system of the present invention; 

[0031] FIG. 15 is a schematic diagram of the functional elements for a bleed control 

strategy for a catalytic combustion system of the present invention; and 

[0032] FIG. 16 is a graph of shaft output and total fiiel demand versus time 

resulting from the repeated cycles of re-establishing and losing the homogeneous 

combustion process wave. 

[0033] While the invention is susceptible to various modifications and altemative 

forms, specific variations have been shown by way of example in the drawings and will be 
described herein. However, it should be understood that the invention is not limited to the 
particular forms disclosed. Rather, the invention is to cover all modifications, equivalents, 
and alternatives falling within the spirit and scope of the invention as defined by the 
appended claims. 
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DETAILED DESCRIPTION OF THE INVENTION 
[0034] FIG. 1 schematically shows an example of a typical existing gas turbine 

employing a catalytic combustion system. In this system, compressor 1-1 ingests ambient 
air 1-2 through compressor bellmouth, and compresses this air to a high pressure and then 
drives the compressed air, at least in part, through the combustor 1-3 and then through the 
drive turbine 1-4. Combustor 1-3 combines fuel and the air and combusts this mixture to 
form a hot high velocity gas stream that flows through the turbine 1-4 that provides the 
power to drive the compressor 1-1 and the load 1-5 such as a generator. 
[0035] FIG. 2 is a close-up view of combustor 1-3 of FIG. 1. Specifically, as 

shown in FIG. 2, a catalytic combustor 2-6 is provided. Catalytic combustor 2-6 comprises 
four major elements that are arrayed serially in the flow path. Specifically, these four 
elements include a flame bumer 2-20 (which is positioned upstream of the catalyst and 
which produces a hot gas mixture 2-7), a fuel injection and mixing system 2-8, a catalyst 2- 
1 0 and a burnout zone 2-11. The flame bumer can be divided into multiple zones, such as a 
primary zone prebumer and a secondary zone prebumer (not shown). The exiting hot gases 
from the combustion system flow into the drive turbine 2-15 that produces power to drive a 
load. In preferred aspects, there are two independently controlled fuel streams, with one 
stream 2-24 directed to a flame bumer 2-20 and the other stream 2-25 being directed to the 
catalyst fuel injection and mixing system 2-8, as shown. If multiple prebumer zones are 
employed then fuel streams to each are controlled accordingly. 

[0036] Catalytic combustor 2-6 operates in the following manner. The majority of 

the air from the gas turbine compressor discharge 2-14 flows through the flame burner 2-20 
and catalyst 2-10. Flame bumer 2-20 functions to help start up the gas turbine and to adjust 
the temperature of the air and fiiel mixtvire to the catalyst at location 2-9 to a level that will 
support catalytic combustion of the main fuel stream 2-25, which is injected and mixed 
with the flame bumer discharge gases (by catalyst fuel injection and mixing system 2-25) 
prior to entering catalyst 2-10. In various aspects, catalyst 2-10 may consist of either a 
single stage or a multiple stage catalyst. 

[0037] Partial combustion of the fiiel/air mixture occurs in catalyst 2-10, with the 

balance of the combustion then occurring in the burnout zone 2-11, (i.e.: downstream of the 

exit face of catalyst 2-10). Typically, 10% - 90% of the fuel is combusted in catalyst 2-10. 

Preferably, to fit the general requirements of the gas turbine operating cycle including 
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achieving low emissions, while obtaining good catalyst durability, 20% - 70% is combusted 
in catalyst 2-10, and most preferably between about 30% to about 60% is combusted in 
catalyst 2-10. 

[0038] Reaction of any remaining fuel not combusted in the catalyst and the 

reaction of any remaining carbon monoxide to carbon dioxide occurs in bumout zone 2-11, 
thereby advantageously obtaining higher temperatures v^thout subjecting the catalyst to 
these temperatures and obtaining very low levels of imbumed hydrocarbons and carbon 
monoxide. After complete combustion has occurred in bumout zone 2-11, any cooling air 
or remaining compressor discharge air is then introduced into the hot gas stream, (i*e.: at 2- 
15, typically just upstream of the turbine inlet). In addition, if desired, air can optionally be 
introduced through liner wall 2-27 at a location close to the turbine inlet 2-15 as a means to 
adjust the temperature profile to that requured by the turbine section at location 2-15. Such 
air introduction to adjust the temperature profile is one of the design parameters for power 
turbine 2-15. Another reason to introduce air through liner 2-27 in the region near the 
turbine 2-15 would be for turbines with very low inlet temperatures at 2-1 5. For example, 
some turbines have turbine inlet temperatures in the range of 900 to 1 100°C, temperatures 
too low to completely combust the remaining unburned hydrocarbons and carbon 
monoxide within the residence time of the bumout zone 2-11. In these cases, a significant 
firaction of the air can be diverted through the liner 2-27 in the region near turbine 2-15. 
This would raise the temperature in region 2-11 thus allowing fast and complete 
combustion of the remaining fuel and carbon monoxide. FIG. 3 shows an example of a 
typical existing partial combustion catalyst system corresponding to the system shown in 
FIGs. 1 and 2. In such systems, only a portion of the fuel is combusted wdthin the catalyst 
and a significant portion of the fuel is combusted downstream of the catalyst in a post 
catalyst homogeneous combustion zone. Examples of partial combustion catalyst systems 
and approaches to their use have been described in prior patents, for example: US Patent 
5,183,401 to Dalla Betta et al.; US Patent 5,232,357 to Dalla Betta et al.; US Patent 
5,250,489 to Dalla Betta et al; US Patent 5,281,128 to Dalla Betta et al.; and US Patent 
5,425,632 to Tsurumi et al. 

[0039] In the description of such partial combustion catalytic systems set forth 

herein, the foUowdng terms are understood to have the following meanings: 

[0040] (1) "Adiabatic combustion temperature" is the temperature of a fuel and air 

mixture after all of the fuel in the mixture has been combusted with no thermal energy lost 
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to the surroundings, with the thermal energy instead being used to raise the temperature of 
the components of the gas mixture. 

[0041] (2) "Fuel air ratio" is the ratio of the total fuel to total air expressed as either 

a volumetric ratio or a mass ratio. This ratio can be calculated either from the composition 
of a static or fixed gas mixture as the actual mixture composition or from a flowing gas 
mixture as the ratio of flows of fuel and air. 

[0042] (3) "Post catalyst reaction zone" is the portion of the flow path just 

downstream of the catalyst but before any additional air introduction and before the turbine 

where the gas mixture exiting the catalyst can undergo further reaction. 

[0043] (4) "Ignition delay time" (Tjgnition) is the time period from when the hot gases 

exit the catalyst until they fully combust the remaining fiiel content. 

[0044] (5) "Homogeneous combustion zone" or "Homogeneous combustion 

process wave" is the region downstream of the catalyst wherein the remaining 

uncombusted fuel exiting the catalyst is combusted. 

[0045] (6) "Exhaust gas temperature" is the temperature of the gas mixture exiting 

the process after the work has been extracted. In the case of a gas turbine, this is the 
temperature of the gas just downstream of the power turbines typically connected to the 
load. 

[0046] (7) "Exhaust gas temperature delta" (EGTdeita) is the numerical difference 

between the exhaust gas temperature at any time and the calculated exhaust gas 
temperature at full load. 

[0047] In FIG. 3, (which is a linear schematic representation of a typical partial 

combustion catalytic system with the gas temperature and fiiel concentrations at various 
locations along the flow path shown there below), air 3-7 enters a fuel injection and mixing 
system 3-8 which injects fuel into the flowing air stream. 

[0048] A portion of the fuel is combusted in the catalyst 3-10 resulting in an 

increase in temperature of the gas mixture as it passes through catalyst 3-10. As can be 
seen, the mixture exiting catalyst 3-10 is at an elevated temperature. This fuel/air mixture 
contains remaining unbumed fuel which undergoes auto-ignition in the post catalyst 
reaction zone 3-11. Specifically, the fuel is combusted to form the final reaction products 
of CO2 and H2O with the temperature rising to the final combustion temperature 3-31 at 
homogeneous combustion process wave 3-30. The resulting hot, high energy gases (in post 
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catalyst reaction zone 3-11) then drive the power txirbine (1-4 in FIG. 1) and load (1-5 in 
FIG. 1). 

[0049] The lower portion of FIG. 3 shows a graph with the gas temperature 

indicated on the ordinate with the position along the combustor indicated on the abscissa 
and with the position corresponding to the linear combustor diagram directly above it. As 
can be seen, the gas temperature shows a rise as the mixture passes through catalyst 3-10. 
Downstream of catalyst 3-10, however, the mixture temperature is constant for some 
period, referred to as the ignition delay time 3-32, Tjgnition, and then the remaining fuel 
combusts (at homogeneous combustion process wave 3-30) to raise the temperature further. 
[0050] FIGs. 4A, 4B and 4C are similar to FIG. 3, but show a homogeneous 

combustion process wave (4-30) at three different locations, as follows. As illustrated in 
FIG. 4A, the preferred position of homogeneous combustion wave 4-30 is within the region 
just downstream of catalyst 4-10. 

[0051] The Applicants have found that the position of the homogeneous 

combustion process wave is not connected to a physical process or a fixed flame holder, but 
rather is a function of catalyst exit gas conditions. 

[0052] In accordance with the present invention, therefore, such catalyst exit 

conditions are controlled such that the position of the homogeneous combustion process 

wave can be moved and maintained at a preferred location within the post catalyst reaction 

zone. Preferably, the homogeneous combustion wave is located just downstream of the 

catalyst but is not so far downstream that a long reaction zone or volume is required. The 

location of the homogeneous combustion process wave is controlled by increasing the 

catalyst outlet temperature to move it closer to the catalyst or decreasing the catalyst outlet 

temperature to move it farther downstream from the catalyst. In this way, the present 

control system advantageously keeps the catalyst operation within a preferred operating 

regime for good catalyst durability while maintaining low emissions. Specifically, when 

operating in such a preferred operating regime, emissions of NOx, CO and unbumed 

hydrocarbons can all be reduced while the durability of the catalyst can be maintained. 

[0053] In accordance with the present invention, the conditions within the gas 

turbine catalytic combustor system are controlled such that the position of homogeneous 

combustion process wave 4-30 (similar to 3-30 of FIG. 3) can be maintained in a preferred 

location within the post catalyst reaction zone. FIG. 4A illustrates the homogeneous 

combustion wave 4-30 positioned at a desired location downstream of catalyst 4-10 with 

10 



wo 03/021150 



PCT/US02/27590 



the actual location of combustion wave 4-30 controlled by the magnitude of the ignition 
delay time, Tignition (refer to FIG. 3). As the ignition delay time, Tignition, is made longer, 
homogeneous combustion wave 4-30 moves downstream toward turbine 4-4 as shown in 
FIG. 4B. If homogeneous combustion wave 4-30 moves too close to turbine 4-4, then the 
remaining fuel and carbon monoxide may not have time to fully combust and the emissions 
will be high. This represents a limiting operating condition for the catalytic combustion 
system. As such, FIG. 4B illustrates a non-preferred location for combustion wave 4-30. 
Conversely, as ignition delay time, Tignition, is decreased, homogeneous combustion wave 4- 
30 moves toward catalyst 4-10 and the imbumed portions of the fuel will have sufficient 
time to combust, thereby producing low emissions of hydrocarbons and carbon monoxide. 
This is shown in FIG. 4A. However, ignition delay time, Tignition, cannot be reduced so 
much that homogeneous combustion wave 4-30 moves too close to catalyst 4-10 as shown 
in FIG. 4C (or inside catalyst 4-10), because this wovdd expose catalyst 4-10 to 
temperatures too high for efficient catalyst operation and result in some reduction in its 
durability. As such, FIG. 4C illustrates a potentially non-preferred or limiting location for 
combustion wave 4-30. 

[0054] In accordance with the present invention, the catalytic combustor system is 

controlled such that the position of homogeneous combustion wave 4-30 is maintained 
within a preferred range by operating the system at a point on a preferred predetermined 
schedule of data points (i.e. operating line), wherein the preferred operating line is 
predetermined by the operating conditions of the catalytic combustor and by the catalyst 
performance, 

[0055] In preferred aspects, control of the position of the homogeneous combustion 

wave 4-30 is achieved by controlling the percentages (and, optionally, the total amount) of 

fuel sent to the flame bumer (e.g.: fuel line 2-24 and flame burner 2-20 of FIG. 2) and the 

catalyst fuel injection and mixing system (e.g.: fuel line 2-25 and fuel injection system 2-8 

of FIG. 2). For example, adding fuel to 2-24 bumed more fuel in the flame bumer 2-20 and 

raises the temperature of the gas mixture at location 2-9, the catalyst inlet. This raises the 

temperature at the catalyst outlet and moves the wave upstream. Adding fuel at 2-8 

changes the fuel/air ratio at 2-9 which will also shift the wave upstream. 

[0056] For a gas turbine/catalyst combustion system of the type shown in FIG. 2, 

and for a given range of system operating conditions such as pressure, airflow and fuel 

composition and for a specific catalyst design, there will be a characteristic "Operating 
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Diagram", wherein a line of points on this diagram represents an "operating line" which 
corresponds to conditions of lowest emissions. Such an operating line diagram can initially 
be determined in a number of different ways. 

[0057] In a first approach, the catalyst unit may be operated on the actual gas 

turbine or the gas turbine can be simulated using a full scale combustor test rig or using a 
subscale combustor test rig. Referring to FIG. 5 A, a fuel air ratio value is selected to be in 
the desired region of operation of the gas turbine at some point along the abscissa of 
FIG. 5 A. The catalyst inlet gas temperature is then increased by adding fuel to the 
upstream flame burner until emissions and system performance is acceptable. If this fuel 
air ratio is within the region 5-41 then the bottom limit of region 5-41 is established by low 
emissions for CO and UHC. As the catalyst inlet gas temperature is increased further, then 
the upper limit of region 5-41 is reached when the catalyst material operating temperature 
is too high for adequate durability. This process can be repeated for several other values of 
fuel air ratio and the limits of region 5-41 can thus be defined. The actual preferred 
schedule of operating line points (i.e.: the schedule of most preferred operating conditions) 
can then be established within region 5-41 by taking into account other variables such as 
the operating characteristics of the upstream flame combustor or durability of upstream 
components such as the fiiel air mixer 2-8 in FIG. 2. Once the basic operating line diagram 
of FIG* 5A represented by line 5-43, 5-42 and 5-44 (using the variables of fuel air ratio and 
catalyst inlet gas temperature) has been determined, the fuel air ratio can be converted into 
combustor outlet temperature or turbine inlet temperature or adiabatic combustion 
temperature using well known relationships. Therefore, the operating schedule is 
expressed as the catalyst inlet gas temperature (T36) versus the fuel air ratio, or as the 
catalyst inlet gas temperature (T36) versus the calculated adiabatic combustion temperature 
(Tad) that is calculated or measured. Instead of the catalyst inlet gas temperature (T36), the 
operating schedule can also be expressed in terms of the temperature at location 2-7 (T34) 
which can be measured or calculated fi-om the catalyst inlet gas temperature (T36), the 
mass gas flow rate at location 2-7 and the fuel flow 2-25. 

[0058] In another approach, the operating window and the preferred operating line 

schedule can be calculated based on performance models of the catalyst where the 
emissions and catalyst material operating temperature are calculated. Therefore, the 
operating schedule can be expressed such that the temperature at the catalyst exit (T37), or 
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the temperature rise across the catEilyst (T37-T36) is employed in place of catalyst inlet gas 
temperature (T36) plotted against any of the parameters indicated above. 
[0059] In yet another approach, an operating diagram and operating line can be 

constructed using values of EGT (exhaust gas temperature) delta and catalyst inlet gas 
temperature taken from measurements on the gas turbine. The EGTt value may be 
measured at the process exhaust (i.e.: downstream of turbine 1-4). The EGTfun load-t value 
may then be calculated, and the EGT deltat value may be calculated by subtracting EGTt 
from EGTfiiii load-t- Hence, the operating schedule is expressed as the catalyst inlet gas 
temperature (T36) versus EGT delta; the temperature at location 2-7 (T34) versus EGT 
delta; the temperature at the catalyst exit (T37) or the temperature rise across the catalyst 
(T37-T36) versus EGT delta; or the fuel-air ratio versus EGT delta. 

[0060] In this approach, the catalyst is operated at various loads and measurements 

are made on the catalyst to insure that it is in an optimal operating regime and that low 
emissions are achieved. Then EGTt, EGT deltat and EGTfuii load-t are measured or 
calculated. This is repeated over the operating load range to establish the operating line. 
An altemative approach is to use the thermodynamic cycle simulation of the gas turbine 
and the air splits of the combustor system to actually calculate the catalyst fuel air ratio and 
the EGT delta. This can be done over the operating load range to define the operating line. 
[0061] In another approach, the operating schedule is expressed as either the 

catalyst inlet gas temperature (T36), the temperature at location 2-7 (T34), the temperature 
at the catalyst exit (T37), or the temperature rise across the catalyst (T37-T36) versus the 
turbine inlet temperature or its equivalents that are measured or calculated. The turbine 
inlet temperature can be determined by direct measurement using a thermocouple or with 
optical pyrometry. For example, an ultraviolet sensor such as a silicon carbide 
semiconductor ultraviolet radiation sensitive photodiode can be used. Also, turbine inlet 
temperature can be determined by obtaining the temperature of a specific turbine location 
either by direct measurement or calculation and then back-calculating the value for the 
turbine inlet temperature. The calculation includes other inputs such as fuel flow, inlet 
airflow and ambient temperature. Specific turbine locations for temperature measurement 
include but are not limited to the turbine exhaust temperature or exhaust gas temperature, 
an intermediate location of the turbine but upstream of the exhaust such as between a 
turbine rotor and stator, and a location between the gas generator turbine and power turbine 
in a dual-shaft turbine. 
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[0062] It is to be understood that in accordance with the present invention, an 

"operating diagram" can be used to illustrate the relationship between any two system 
variables that effectively defines the correct operating regime for the catalyst and post 
catalyst combustion region, wherein the operating line on such diagram corresponds to 
conditions of lowest emissions and good system durability. 

[0063] As explained above, in one preferred aspect of the present invention, the 

"operating diagram" illustrates the relationship between the catalyst inlet gas mixture 
temperature (shown along the Y-axis) and the fuel air ratio (shown along the X-axis) of the 
mixture at the catalyst inlet. In accordance with the present invention, catalyst inlet gas 
temperature and fuel air ratio can be maintained in a preferred relationship such that the 
system operates in the low emissions region 5-41 as shovsm in FIG. 5 A. Most preferably, 
system control is preferably maintained by operating the system at positions along the 
preferred operating line 5-42. In preferred aspects, for any given fuel air ratio, the system 
will be operated so that the catalyst inlet gas temperature is maintained at (or near) a value 
along operating line 5-42. 

[0064] The alternate preferred approach, in which the operating line 5-42 is 

selectively determined by defining a preferred relationship between adiabatic combustion 

temperature (Tad) and catalyst inlet g£is temperature will now be discussed. The combustor 

outlet temperature can be calculated fi"om the catalyst inlet gas temperature and the 

composition of the fiiel/air mixture at the catalyst inlet assuming that ail of the fuel is 

combusted. Referring to FIG. 2, the catalyst inlet gas temperature at location 2-9 and the 

fuel air ratio at location 2-9 can be used to calculate the temperature at location 2-11 

assuming all of the fuel is combusted. This temperature is referred to as the adiabatic 

combustion temperature or sometimes as the adiabatic flame temperature as described by 

Felder and Rousseau, page 4-4 (R. M. Felder and R. W. Rousseau, "Elementary Principles 

of Chemical Processes", John Wiley and Sons, New York, 1978). This calculation, fully 

described in this reference, uses the knovm heat of combustion of the fuel or fuel 

components, the heat capacities of the components of the gas mixture, the composition of 

the gas mixture and the temperature of the gas mixture to determine the gas temperature 

after full combustion of the fiiel and release of the combustion heat into the gas mixture. 

This gas temperature is called the adiabatic combustion temperature since it is the 

temperature rise from the adiabatic release of the heat of combustion (adiabatic meaning 

that no heat is lost to the external components but is all captured by the gas mixture to raise 
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its temperature). For a given catalyst inlet gas temperature and mixture fuel air ratio, this 
calculation will result in a unique adiabatic combustion temperature, referred to as Tad. 
Thus, a diagram such as FIG. 5 A can be redrawn wherein the horizontal axis is now the 
adiabatic combustion temperature. Tad and operating line 5-42, 5-43 and 5-44 relates the 
catalyst inlet gas temperature to the adiabatic combustion temperature of the gas mixture. 
[0065] Rather than use a calculated temperature at location 2-11 in FIG. 2, the 

actual temperature can be measured in region 2-11 after the remaining fuel exiting the 
catalyst has been combusted using a variety of means such as thermocouples, optical 
sensors and other devices. In addition, a temperature further downstream in the process can 
be measured and then the combustor outlet temperature calculated assuming temperature 
losses in the intervening stages. For example, the temperature at the turbine inlet 2-15 can 
be measured and then corrected for any added pattem or cooling air to estimate the 
temperature at location 2-11. 

[0066] The adiabatic combustion temperature at location 2-1 1 in FIG. 2 can also be 

calculated from the temperature of the gas stream at location 2-14, the airflow through the 
combustor at location 2-9 and the sum of the fuel inputs at 2-24 to the flame burner 2-20 
and fuel input 2-25 to fuel air mixer 2-8. Thus, the desired operating line for the process 
can be specified as a functional relationship between: (a) the adiabatic combustion 
temperature at location 2-11 calculated from the gas temperature at 2-14, the airflow 
through location 2-9 and the total fuel feed to the process and (b) the temperature at the 
catalyst inlet, location 2-9. 

[0067] Each of the functional relationships described above use the gas temperature 

at the catalyst inlet, location 2-9 in FIG. 2. However, this functional relationship can be 
specified in terms of the temperature at location 2-7 since the temperature at location 2-9 
can be calculated from: (a) the temperature measured at location 2-7 (b) the mass gas flow 
rate at location 2-7, (c) the fuel flow 2-25 and (d) the temperature measured at location 2- 
25. Altematively, when the operation v^ndow and operating line is defined by tests run on 
the gas turbine system, the actual values at the outlet of the flame bumer, location 2-7 can 
be measured. 

[0068] To those experienced in the art, there would be numerous other ways to 

express the basic relationship of catalyst inlet gas temperatvire and catalyst inlet fuel air 

ratio shown by operating line 5-43, 5-42 and 5-44 in FIG. 5A. It is to be understood that all 

of these essentially similar relationships are incorporated herein and the present control 
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Strategy is not limited to the alternative approaches described herein for expressing the 
preferred operating line functional relationship. 

[0069] The gas turbine power output or the exhaust gas temperature downstream of 

the power extraction turbine is a good indicator of the fiiel air ratio at the catalyst. This 
advantageously allows the definition of an operating line that relates turbine load to catalyst 
inlet gas temperatiu*e or exhaust gas temperature to catalyst inlet gas temperature. This is 
even more surprising when one considers that the exhaust gas temperature is not in a fixed 
relationship to the fuel air ratio or adiabatic combustion temperature of the mixture at the 
catalyst inlet since the temperature drop as the hot gases pass through the drive turbine (1-4 
of FIG. 1) is a function of the load, the mass airflow, the efficiency of the turbine and other 
variables. 

[0070] Further, the Applicants have found that the exhaust gas temperature delta 

(EGT delta) may be used to specify operation at a preferred point on an operating line. 
EOT delta at time t is defined as the calculated exhaust gas temperature at foil load at time t 
(EGTfuii load-t) minus the exhaust gas temperature value at time t (EGTt) and expressed as 
follows: 

EGT deltat = EGTfun ioad-t> - EGTt 
[0071] The exhaust gas temperature at full load (EGTfun load-t) niay be calculated 

from current operating parameters such as ambient temperature and ambient pressure at any 
time t and represents the expected exhaust gas temperature when the turbine is running at 
full load (100% load). The current exhaust gas temperature (EGTt) is the measured value 
of the exhaust gas temperature at any time t. Subtraction of these values gives the EGT 
deltat at time t. 

[0072] In accordance with this control system, operating range diagrams such as 

FIG. 5A are constructed for various turbine operating phases. For example, dviring the start 

up of a gas turbine the pressure within the combustion chamber would be near the ambient 

pressure or pressure at the turbine air intake. A diagram such as that in FIG. 5A is 

developed for this general operating condition. Similarly, operating diagrams can be 

generated for other operating phases where the turbine and catalytic combustion process 

conditions are quite different. This series of diagrams are then used to generate a safe 

operating regime, called an operating line, for process control to cover the entire operation 

from start up to full output or full load. This operating line will combine the needs of the 

process to operate correctly. For example, a gas turbine will have certain power 
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requirements to operate at a given point in its cycle. To start the engine will require some 
combustion energy and this combustion energy requirement will change with the rotational 
speed. To operate at idle, that is running at the required turbine rotor speed and producing 
no power output, will require some level of fuel combustion. In accordance with the 
present invention, an operating line will preferably be generated based on the engine fuel 
requirements in each region of turbine operation. 

[0073] In accordance with the present invention, operating range diagrams can be 

generated theoretically based on models of the catalyst performance or on actual tests of the 
catalyst in subscale or foil scale test systems. Alternatively, the operating line can be 
developed by trial and error from engine tests where the operating limits of the catalyst are 
known generally and the engine foel schedule is developed by engine testing. This later 
approach requires some level of data from catalyst performance measurements to define 
whether the catalyst is within its "safe operating zone". 

[0074] The result is a control system operating line or schedule on which the 

control system operates via feed forward and feed back principles to define an allowable 
catalyst inlet gas temperature and foel-air ratio region for various points in the gas turbine 
operation with the controller schedule consisting of allowable gas temperatures for a given 
foel-air ratio at the catalyst inlet. 

[0075] Returning to FIG. 5 A, boundaries 5-40 enclose a region 5-41. At any point 

within region 5-41 , it has been found that the catalytic combustor system will give low 
emissions. Accordingly, system operation within region 5-41 is preferred. It is to be 
understood, however, that although region 5-41 describes a preferred low emissions 
operating region, the catalyst and the gas turbine may also be operated in region 5-45, (i.e.: 
outside of low emissions region 5-41). This may especially be necessary for short periods 
of time during start up of the gas turbine or at very low load. 

[0076] In accordance with the present invention, the system is controlled such that 

operation preferably is carried out within the operating window of region 5-41 . It is, 

however, even more preferred that system operation be carried out at a location along line 

operating 5-42. In accordance with the present invention, system operation is preferably 

carried out at points along line 5-42 (i.e.: within region 5-41) or at points along lines 5-43 

or 5-44 (i.e.: outside of region 5-41). Operation along the line 5-42 is essentially operation 

according to a schedule since line 5-42 describes a schedule of pre-determined points 

relating catalyst inlet gas temperature and catalyst inlet foel air ratio. 
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[0077] Although operation within the region 5-41 is desired because it provides low 

emissions, it may not always be possible to operate in this region. For example, during 
start up of the gas turbine or during low load operation, the turbine may require operation 
of the catalyst within region 5-45. Operation on lines 5-43 in region 5-45 is defined by the 
lowest emissions achievable and by other factors such as safe operation of the catalyst for 
good catalyst durability. Accordingly, operating at points along operating lines 5-43 (being 
extensions of operating line 5-42) is thus operation at the preferred operating conditions 
within region 5-45. Together, lines 5-43, 5-42 and 5-44 thus define a preferred operating 
line (i.e.: preferred system conditions) for the catalyst for the particular gas turbine. 
[00781 In preferred aspects, die various boundaries of preferred operating window 

(i.e.: the boundaries between region 5-41 and region 5-45 and the region above line 5-40) 
may be determined by experimental tests or they can be estimated by semi-empirical 
models of the catalyst or of the catalytic combustion system being used. Such test results 
can be used to define the boundaries between high emissions operating region 5-45 and low 
emissions operating region 5-41 may be based on performance specifications such as 
desired emissions levels, maximum operating temperatures and other factors. 
[0079] In accordance with the present invention, the catalytic combustion system is 

controlled such that it operates within region 5-41, wherein the combustion system will 
advantageously achieve low emissions with the catalyst exhibiting the necessary durability 
for industrial application. 

[0080] It is to be vinderstood that in those instances when the present system is 

controlled such that it operates at a combination of catalyst inlet gas temperature and fiiel 
air ratio outside of the limits of boundaries 5-40 (i.e. within region 5-45) then some 
performance specification may not be met (such as operating temperature limit, system 
durability, emissions etc). This may be necessary during some portions of the operating 
cycle such as start up, shut down, or during part load operation or emergency operation, it 
may be necessary to operate the system within region 5-45. It is to be imderstood that 
although operation in region 5-45 may not meet emissions requirements or may not meet 
some other combustor system specification, such operation will not appreciably degrade 
catalyst durability. 

[0081] It should be understood that the graph of FIG. 5 A illustrates general 

characteristic fimctional relationships, and that the specific locations of the lines on the 

graph (i.e.: boundaries 5-40, and lines 5-42, 5-43 and 5-44) are typically derived from 

18 



wo 03/021150 



PCT/US02/27590 



empirical tests or theoretical analysis under defined turbine operating phases of start-up, 
idle, ramp-up, and operation at various levels of load. Thus, different gas turbine systems 
with different catalyst designs will have different operating diagrams, but in general the 
operating diagrams will appear similar to that shown in FIG. 5A. In accordance with the 
present control system, the combustor/catalyst system is preferably operated at, or near, a 
preferred set of operating conditions that correspond to a point on operating line 5-42, 5-43 
or 5-44. 

[0082] FIG. 5 A shows the operating line as a relationship between the catalyst inlet 

gas temperature and the fuel air ratio at the catalyst inlet. The catalyst inlet gas temperature 
can be measured. The fuel air ratio can be either measured, or it can be calculated from 
other measured parameters or it can be estimated firom other parameters of the gas turbine 
such as turbine speed, the pressure at the exit of the compressor, ambient temperature and 
pressure and other parameters. Alternatively, the operating diagram and operating line can 
be constructed to relate catalyst inlet gas temperature and EGT delta as discussed above. 
[0083] As stated above, it is to be understood that FIG. 5A is merely exemplary of a 

preferred operating diagram (which defines the relationship between catalyst inlet gas 
temperature and fuel air ratio). Altematively, the operating diagram and operating line can 
also be defined as a relationship between catalyst inlet gas temperature and adiabatic 
combustion temperature (Tad) at the combustor exit. A third altemative is to define the 
operating diagram and operating line as the combustor inlet temperature and the split of 
fuel to each of the sections of the gas turbine since these values can be used to derive the 
catalyst inlet gas temperature and the fuel air ratio at the catalyst inlet. In another 
altemative, the operating diagram and operating line can be defined as a relationship 
between catalyst inlet gas temperature and EGT or EGT delta. In yet another approach, the 
operating diagram and operating line can be defined as a relationship between the catalyst 
inlet gas temperature and the turbine inlet temperature or its equivalents. Of course, instead 
of the catalyst inlet gas temperature (T36), the operating schedule can also be expressed in 
terms of the temperature at location 2-7 (T34), the temperature at the catalyst exit (T37), or 
the temperature rise across the catalyst (T37-T36). Those skilled in the art will be able to 
define any number of other altemative methods to define the operating line and in 
developing methods to calculate or estimate these values. 

[0084] In each case, the control system will function to adjust the fuel split within 

the combustor so that the catalyst inlet gas temperature and catalyst inlet fuel air ratio is at 
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all times on, or as close as possible to, the operating line 5-43, 5-42 and 5-44. This will 
provide the desired preferred operation. 

[0085] In those aspects of the invention in which a fuel air ratio versus catalyst inlet 

gas temperature operating line is used, the fuel air ratio may be determined by monitoring 
the fuel flow to the fuel injector and the airflow to the combustor. The airflow to the 
combustor may in tum be determined by measuring the pressure drop across the inlet bell 
mouth of the compressor, 1-1 in FIG. 1 . 

[0086] In those aspects of the invention in which adiabatic combustion temperature 

versus catalyst inlet gas temperature operating line is used, adiabatic combustion 
temperature may be determined by monitoring total fuel flow to the combustor, the total 
airflow to the combustor and the temperature of the gas entering the combustor. 
Alternatively, Tad may be determined by monitoring the fuel flow to the injector upstream 
of the catalyst, the total airflow to the combustor and the temperature of the gas entering 
the injector. Once again, the airflow to the combustor may in tum be determined by 
measuring the pressure drop across the inlet bell mouth of the compressor. 
[0087] The performance of a catalyst or other components of the combustion 

system or turbine in a catalytic combustion system will change over time. Consequently, 
an operating diagram (such as shovm in FIG. 5A) only corresponds to preferred operating 
conditions at a particular catalyst state. Stated another way, as a catalyst degrades over 
time, the schedule of data points defining the preferred operating line (i.e.: the preferred 
conditions at which the system is operated to minimize emissions) will correspondingly 
tend to change (i.e.: shift in position on the operating diagram). In addition, the 
performance characteristics of the catalyst system may also be influenced by the operating 
conditions of the turbine and by the ambient conditions such as air temperature and 
pressure. 

[0088] In an optional second aspect of the invention, the present invention provides 

a novel system for controlling operation of a catalytic combustion system by monitoring 

the change in the performance of a catalyst over time, and then changing system operation 

to a new operating Hne. Specifically, in preferred aspects, the present invention provides a 

control system which is adapted to correct for a change in the performance of a catalyst by 

monitoring its change in performance and then shifting system operation to a point on a 

new operating line to thereby maintain the desired optimum low emissions performance of 

the catalyst and catalytic combustion system. There are a number of methods to monitor 
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the change in performance. One method involves monitoring the location of the 
homogeneous combustion process wave. In this method, the operating conditions are 
periodically adjusted to move the homogeneous combustion wave from position 4-3 OA to 
4-30C as can be seen in FIG. 4. The adjustments can be an increase to the prebumer 
operating temperature, an increase in bypass airflow or an increase to bleed airflow. The 
specific operating conditions that move the homogeneous combustion wave to 4-3 OC are 
recorded and compared to previously recorded operating conditions to determine any 
change in performance. Other methods to monitor the change in performance can involve 
monitoring the catalyst exit gas temperature, the temperature rise across the catalyst 3-10 or 
the fraction of hydrocarbons reacted by the catalyst 3-10. 

[0089] There are a number of conditions that would cause the operating line to 

change. For example, the catalyst activity or performance can change due to the aging of 
the catalyst, deactivation of the catalyst by a contaminant, or other phenomena. 
[0090] Another condition that would cause the operating line to change is a change 

in fuel composition. This would change the ignition delay time. For example, a typical 
natural gas may have an ignition delay time, shown as 3-32 in FIG. 3, in a desired range 
such that the desired performance, for example, the desired combustor outlet temperature 
and emissions of the catalyst and combustor system is achieved. However, if the 
concentration of higher hydrocarbons such as propane or butane increases in the fuel, then 
the ignition delay time 3-32 will become shorter. This may move the system operation 
outside of the preferred operating region 5-41 of FIG. 5 A. Specifically, the homogeneous 
reaction process wave may be too close to the catalyst and the catalyst durability may be 
negatively affected. 

[0091] Yet another condition that would cause the operating line to change is the 

aging or wearing of turbine components such that the turbine system specifications change 
over time. For example, the turbine compressor may become fouled by contaminants in the 
inlet air causing a decrease in airflow and an increase in compressor discharge temperature. 
If the fuel air ratio is determined using an estimated airflow from compressor speed and 
ambient conditions, then the estimated airflow will be incorrect and the apparent operating 
line will have moved. 

[0092] While the three effects described above are only examples, they each show 

that the present system of optionally periodically monitoring the operation of the catalytic 

combustion system and then altering system operating conditions to a "new" or "revised" 

21 



wo 03/021150 



PCT/US02/27590 



operating line is desirable. For example, referring to Table A below, there are three 
operating lines of EGT delta versus demand temperature at location 2-7, also known as T34, 
for three different levels of activity (1, 2 or 3). The activity, in this example, is catalyst 
activity that corresponds to the "monitored criteria", in this case the T34 required to achieve 
a specific homogeneous combustion wave location at a given Tad. 

Table A 
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Control of a Catalytic Combustion System With A Bypass And/Or Bleed System 

[0093] The control system described above is a basic control system with a fixed 

operating line or set of operating lines covering the operating modes of the gas turbine. 
One limitation of the basic system is the fixed relationship between the power output of the 
engine and the Tad of the combustor. As load is turned down, the engine reduces the total 
fuel flow to the combustor. As the total fiiel flow is decreased, the temperature in the post 
catalyst reaction zone decreases and it becomes very difficult to fiiUy combust the 
remaining fiiel and in particular the CO and to achieve the desired emissions levels. This 
limitation is one of many factors that determine the low emissions operating range of the 
catalytic combustor. A bypass and/or bleed system and the associated control system 
would eliminate this limitation and can significantly improve the low emissions operating 
range. A bypass system is shown in FIG. 6. The bypass system 6-39 extracts air fi-om a 
region near the flame combustor inlet 6-21 and injects the air in a region 6-13 downstream 
of the post catalyst reaction zone 6-11 but upstream of the power turbine inlet 6-15. 

22 



wo 03/021150 



PCT/US02/27590 



Bypass air can also be extracted at the outlet of the compressor, at any location between the 
compressor outlet and the flame burner or downstream of the flame burner. The bypass 
airflow can be measured by flow meter 6-41 and controlled by valve 6-40. The bypass 
flow from region 6-21 to region 6-13 is driven by the pressure difference with region 6-13 
at a lower pressure then region 6-21 . This pressure difference is due to the pressure drop 
that occurs through the combustor including the flame burner 6-20, the catalyst fuel injector 
6-8 and the catalyst 6-10. The effect of bypass air is illustrated in FIG. 7. Under 
conditions where there is zero bypass air, the temperature profile within the combustor is 
shown by solid line where the final combustion temperature 7-31 is equal to the combustor 
exit temperature 7-33. Under conditions where bypass airflow is non-zero, the temperature 
profile is represented by the dashed line where the final combustion temperature 7-35 is 
higher than the case where there is zero bypass airflow. The bypass air is injected at 7-13 
which lowers the combustor exit temperature to 7-33, the same combustor exit temperature 
achieved in the zero bypass airflow case. 

[0094] The effect of bypass air on emissions can be illustrated by FIGs. 5 A and 7. 

For a given engine load condition with zero bypass airflow, the catalyst inlet temperature 
and fuel air ratio will be defined by the standard operating line 5-42. Under certain low 
load conditions and zero bypass airflow, the operating point will be in the high emissions 
region 5-45 of the operating window. The high emissions could result from either a long 
ignition delay 7-32 or from a low final combustion temperature 7-3 1 resulting in high CO 
emissions. However, at the same low load condition but with bypass airflow, the higher 
fiiel to air ratio in the combustor will decrease the ignition delay time 7-32 and raise the 
final combustion temperature to 7-35. The higher combustion temperature will also act to 
oxidize the CO more rapidly. This process can take an operating point in region 5-45 in 
FIG. 5 A and effectively move it to the right and inside the low emission region 5-41. 
Power output by the engine and engine efficiency remains unchanged because the bypass 
air is re-injected at 7-13 which maintains the total gas mass flow through the drive turbine 
and also lowers the combustor exit temperature to the same combustor exit temperature 7- 
33 achieved in the zero bypass airflow case. 

[0095] The bleed system is also shown in FIG. 6. The bleed system extracts air 

from a region near the compressor discharge 6-14 and vents it to the atmosphere. The 
bleed air can be meeisured by a flow meter 6-43 and controlled by a valve 6-42. The bleed 
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flow from 6-14 to atmosphere is driven by a pressure difference with 6-14 being higher 
pressure than atmosphere. 

[0096] The effect of bleed air is illustrated in FIG. 8. Under conditions where there 

is zero bleed air, the temperature profile within the combustor is shown by the solid line 
where the final combustion temperature is 8-31. Under conditions where bleed airflow is 
non-zero, the temperature profile is represented by the dashed line where the final 
combustion temperature 8- 35 is higher than the case where there is zero bleed airflow. 
The final combustor outlet temperature is higher because the fiiel is combusted in less air 
and because more fuel must be added to maintain turbine power output with reduced mass 
flow through the power turbine. The higher combustion temperature compensates for the 
power loss resulting firom the bleed airflow so the net power output by the engine 
effectively remains unchanged. The effect of bleed air on emissions is the same as the 
effect of bypass air on emissions. 

[0097] Many gas turbine systems utilize inlet guide vanes (not shown) in the 

normal operation of the turbine. Inlet guide vanes are a set of vanes installed at the inlet of 
the compressor that can be rotated to reduce the airflow into the compressor and therefore 
the total airflow through the turbine. Inlet guide vanes are used to aid the start up of the 
turbine. In addition, inlet guide vanes can be used during operation at reduced load to 
maintain a minimum exhaust gas temperature required by a downstream boiler or other 
process. In more recent lean premix combustion systems, the inlet guide vanes can be used 
to reduce airflow and increase fuel air ratio within the combustor to stay within the desired 
operating range. 

[0098] The effect of turbine inlet guide vanes on the operation of the catalytic 

combustion system is essentially the same as in the bleed system shown in FIG. 8. The 

reduced airflow through the combustor increases the fuel air ratio and results in an increase 

in the catalyst outlet temperature and in the final combustor outlet temperature. 

[0100] As load is reduced, the fuel flow to the combustor is decreased and the final 

combustion temperature downstream of the catalyst decreases and is insufficient to fully 

combust the remaining fuel and CO. Some range of lower fuel air ratio is within the low 

emissions window 5-41 as shown in FIG. 5 A, when load is reduced so that the operating 

point moves outside of the low emissions window, then bypassing some of the air around 

the catalyst will move the operating point to the right and back into region 5-41 . It has 

been foxmd that a preferred control strategy is to adjust the bypass to obtain a final 
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combustion temperature downstream of the catalyst within a preferred operating range. 
Referring to Table B below, a predetermined schedule relates EGTdelta to the adiabatic 
combustion temperature in the post catalyst reaction zone, Tad. 

Table B 





dEGT vs Tad schedule 




% Load 


dEGT CC) 


Tad Demand 

(•C) 


Kesuiting 
Bypass Valve 
Position" 
(%) 


100 


0 


1300 


0 


90 


35 


1275 


15 


80 


70 


1250 


30 


70 


105 


1225 


45 


60 


140 


1200 


60 


50 


175 


1175 


75 


40 


210 


1150 


90 


30 


245 


1125 


100 


20 


280 


1100 


100 


10 


315 


1075 


100 


FSNL 


350 


1050 


100 



The bypass valve position is used to control this Tad. As load is decreased and EGTdeita 
increases, the bypass is adjusted to maintain the Tad at the value in the schedule by opening 
the bypass valve. It should be noted that the adiabatic combustion temperature is 
essentially the same for the gas mixture at the outlet of the catalyst fuel air mixer, 6-8 in 
FIG, 6, at the inlet of catalyst 6-10 and in the region downstream of the catalyst up to the 
point where the bypass air is introduced, 6-13. Although the schedule relates EGTdeita and 
Tad, the invention is not so limited and other parameters such as the turbine inlet 
temperature, EGT, percent full load, compressor discharge pressure, compressor discharge 
temperature and fuel flow can be employed. 

[0101] Adiabatic combustion temperature is calculated from the airflow through the 
combustor and the fuel flow to the combustor and the air temperature. For example, it can 
be calculated from the temperature of the air entering the combustor, the airflow through 
the combustor and the total fuel flow to the combustor including the fuel fed to the flame 
combustor and the catalyst. Alternatively it can be calculated from the temperature at the 
catalyst inlet, the air flow rate through the catalyst and the fuel flow to the catalyst fuel 
injector. This latter calculation assumes the fuel fed to the flame burner is fully combusted. 
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[0102] The airflow to the catalyst can be calculated from the total airflow from the 
compressor multiplied by the fractional airflow that goes to the combustor (some air is used 
to cool the turbine blades and turbine nozzles as well as adjust the temperature profile at the 
turbine inlet), and subtracting the airflow through the bypass and bleed. The airflow from 
the compressor can be calculated from a measurement of the pressure drop at the 
compressor inlet bell mouth. Altematively, the airflow through the compressor can be 
estimated from the turbine rotor speed, the ambient pressure and the ambient temperature. 
The airflow through the bypass and bleed can be measured by a variety of flow meter 
systems that are commercially available. For example, a restriction can be placed in the 
flow path and the inlet pressure, temperature and pressure drop across the restriction 
measured and the flow calculated. A variety of other flow meter types exist such as vortex 
shedding meters, and coriolis meters. 

[0103] Referring to Table C, it has been found that one preferred strategy for controlling 
the bleed is to set a maximum value for EGTdcita- As shown in Table C, this EGTdcita 
setpoint is 105 for illustrative purposes. The control system acts to open the bleed valve 
when EGTdeita X rises above this value. As load is reduced from frill load, EGTdeita 
increases and as it reaches the EGTdeita limit value, the control system opens the bleed to 
maintain the EGTdeita at the maximum value. It should be noted that EGTdeita is just one 
parameter of a series of effectively equivalent parameters that can be used. A parameter 
that can be substituted for EGTdeita is % Full Load where % Full Load is defined as the 
actual load compared to the load that would be obtained if the turbine were operated at fiill 
load. GenerEdly the gas turbine has a fiill load point defined by the manufacturer and 
usually specified by one or more turbine parameters such as EGT, turbine inlet 
temperature, compressor discharge pressure, ambient temperature, ambient pressure. It 
should also be noted that these parameters such as EGTdeita and % Full Load can be 
generated as fimctions of a set of turbine parameters such as EGT, turbine inlet 
temperature, compressor discharge pressure, compressor discharge pressure, ambient 
temperature, ambient pressure. For the purposes of this invention, these alternative 
methods of specifying the control strategy are essentially equivalent. Of course, the table 
can be expressed in terms of adiabatic combustion temperature or turbine inlet temperature 
and a setpoint determined for each. 
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Table C 



Bleed Alone 1 




Constand dEGT setpoint 








Kesuiiing 






dEGT 


Bleed Valve 


Resulting 




Setpoint 


Position 


dEGT 


% Load 


CO 


(%) 


(«C) 


100 


105 


0 


0 


90 


105 


0 


35 


80 


105 


0 


70 


70 


105 


0 


105 


60 


105 


25 


105 


50 


105 


50 


105 


40 


105 


75 


105 


30 


105 


100 


105 


20 


105 


100 


140 


10 


105 


100 


175 


FSNL 


105 


100 


210 



[0104] The bypass control system has several key functional groups as illustrated in FIG. 9, 
First, it determines the required bypass flow of air 9-1 to be extracted from the prebumer 
inlet 6-21 as a function of engine output power (load) 9-2. The required bypass flow is 
determined from a schedule 9-3 that is provided by a controller at input 9-5 and selected 
based on any number of operating conditions and parameters. The schedule 9-3 reflects the 
adiabatic combustion temperature (Tad) corresponding to the final combustion temperature 
7-35 in the post catalyst reaction zone 6-1 1 versus engine load. The engine load can be 
simply the power output in kilowatts but can also be determined from the combination of 
fundamental engine performance measurements such as exhaust gas temperature, turbine 
inlet temperature, ambient temperature, ambient pressure, compressor discharge pressure 
and/or compressor discharge temperature. The schedule 9-3 can employ these parameters. 
The value for Tad that is selected from schedule 9-3 given the input of engine load is used 
to calculate the bypass auJlow demand at block 9-6. This calculation also includes the total 
fiiel flow to the engine, the temperature at the prebumer inlet, and the airflow entering the 
engine minus any bleed airflow. The engine airflow calculation is performed at block 9-7 
by using fundamental engine parameters and measurements that are selected such that they 
remain substantially accurate throughout the entire operating range of the engine. These 
measurements, for example, can include the ambient temperature and the pressure at the 
compressor bellmouth. 
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[0105] Next, the bypass control system detemiines the bypass airflow prior to re-injecting 
the extracted air into the region 6-13 downstream the post catalyst reaction zone 6-11. This 
measurement (9-4) can be from any type of low pressure drop flow measuring device 6-41. 
However, the bypass flow 9-4 can be calculated from key measurements of the bypass 
airflow temperature, the pressure drop across the bypass valve 6-40 and effective area 
(Acd) of the bypass valve 6-40. 

[0106] Finally, the bypass control system operates the bypass valve 6-40 to attain the 
desired extraction flow rate. The bypass valve is closed loop controlled, based on the 
required versus the actual bypass airflow that is measured or calculated. Alternatively, the 
valve airflow is calibrated to valve position and some measured parameter such as pressure, 
temperature and pressure drop. In which case, the control system sets the valve position. 
In the former case, an accurate and rapid determination of bypass airflow measurement is 
required to ensure optimum combustor performance. In the latter case, the flow 
characteristics or flow calibration of the valve is required. 

[0107] The bleed control system operates the bleed valve to attain a desired exhaust gas 
temperature (EGTbieed setpoim)- Altematively, the bleed control system operates the bleed 
valve to attain a desired difference (dEGTbieed setpoint) from the exhaust gas temperature limit 
that determines ftiU load (expressed as EGTfuii load or EGTumit). dEGTbieed setpoint is expressed 
as follows: 

dEGTbieed setpoint^ EGTfuH load - EGToffset 

[0108] EGToffset is selected from a predetermined schedule. The bleed valve is closed loop 
controlled, based on required versus measured exhaust gas temperature or required versus 
EGT delta. Of course, the bleed control system can also be expressed in terms of a desired 
adiabatic combustion temperature, turbine inlet temperature, ftiel-to-air ratio, catalyst 
temperature, catalyst inlet temperature among other parameters. The resulting bleed 
airflow is measured for proper control of the bypass system and the prebumer's primary 
fuel flow. 

[0109] Control of the flame combustor upstream of the catalyst may be impacted by the 
bypass or bleed operation. For example, if the control of the flame combustor is a function 
of the airflow through the flame combustor or of the total airflow through some portion of 
the combustor, then this airflow must be corrected for the flow of bypassed air or the flow 
of bleed air. 
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[0110] A more detailed description of the strategies and algorithms for measuring the bleed 
flow, operating the bleed valve, determining the required bypass flow, measuring the 
bypass flow, operating the bypass valve is described below and illustrated in FIG. 10. 

MEASURING THE BLEED AIRFLOW 
[0111] The control strategy and algorithm for measuring the bleed airflow will now be 
discussed in more detail with reference to FIG. 10. Focusing on 10-1, there is depicted 
function block F18 that outputs the bleed airflow (Wa^weed). The bleed airflow can be 
measured directly using a flow-measuring device 6-43 such as an orifice flow meter. 
Alternatively, the bleed airflow can be calculated from fundamental measurements such as 
absolute pressure, pressure drop, temperature and effective area. Either way, the bleed 
airflow is determined by function characterization Fl 8 in FIG. 10 at 10-1 . One example of 
how, bleed airflow can be calculated with an orifice plate will now be discussed. The 
inputs are as follows: 

Pl = pressure upstream of the orifice plate in psia 

Tl = temperature upstream of the orifice plate in °F 

dPorf = differential pressure in inches of water (must converted from 0 to lOpsia 
transducer) 

The calculations are as follows: 



SCFM= 5.9815 x (d^) x (K) x (Y) x.^[dP^ (2,703 x x S'G) /(460 + rj 

(2.703 X 14.7 X SG)/(460 + Tb) 

where, for example: 

d = orifice bore in inches 1 .55 

K = flow coefficient = C / V(^-P^ 

C = 0.5959 + 0.0312 - 0.184 + 91.71 p^ ^ R^"^ ^^ 

Y = expansion factor = 1 - [(0.41 +35 x p^) x (dPorf x 0.361) (Pl x 1.4)] 

Tb = base temperature in °F = 60 

P = beta ratio (bore to pipe ID) = 1.55/ 2.067 = 0.7499 

SG = specific gravity = 1.00 for air 

SH = specific heat ratio Cp/Cv =1.4 for air 

Rn = reynolds number at max flow = 532,634.0841 

Substituting the values and constants into the equation results in the following: 
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SCFM = 188.0705 x (K) x (Y) x ^dP^^ x7(2.703x /> )/(460 + r^) 
SCFM = 309.203 x (K) x (Y) x .fiF~ x 7(ii)/(460 + rj 

OPERATING THE BLEED VALVE 
[0112] Referring now to 10-2 of FIG. 10, there is shown a portion 10-2 of the control 
system that illustrates bleed valve operation. The bleed air valve is preferably closed loop 
controlled on a specific or combination of engine fundamental parameters such as exhaust 
gas temperature, turbine inlet temperature, compressor discharge pressure, compressor 
discharge temperature or fuel flow. The bleed valve operation illustrated by 10-2 is 
described by functional characterizations F20 and F21 . In the example illustrated by 10-2, 
the resulting output is a demand signal fed to the bleed valve. A valve feed back process 
signal is not required but could be implemented. As indicated above, the bleed control 
system operates the bleed valve to attain a desired exhaust gas temperature (EGTbiecd setpoint) 

or a dEGTbleed setpoint 

defined as the difference between EGT limit (EGTiimit) and a 
predetermined EGToffset that is based on a predetermined operation specific demand 
schedule as a function of catalyst activity schedule number determined in function block F5 
in FIG. 10. 

[0113] The inputs at function block F20 are values for EGToffset and EGTumit. The EGToffset 
is preselected from a schedule based on an activity schedule number such as the example 
illustrated below: 



Activity 
Schedule No. 


EGTofiset(°F) 


1 


175 


2 


170 


3 


165 


4 


160 


5 


155 


6 


150 


7 


145 


8 


140 


9 


135 


10 


130 


11 


125 



[0114] The values for EGTumitand EGTofifset are used to calculate the EGTwced setpoint as 
follows: 
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EGTbfeed setpoint ~' 

[0115] The value for EGTbieed setpoint is input to function block F21 and compared to the 
value for EGT measured via the hardwired harness EGThw A bleed valve demand signal is 
the generated output of F21 via closed loop control, preferably proportional, integral and 
derivative (PID) control of the bleed valve based on an EGTbiecd setpoint from F20 and 
feedback from the EGT hardwired harness (EGThw)- The bleed valve should open to raise 
EGThw until EGTweed sctpoim is achieved. When EGTweed setpoint is exceeded, the bleed valve 
should close. 

DETERMINING THE REQUIRED BYPASS AIRFLOW 
[0116] Still referencing FIG. 10, the algorithms used to determine the required bypass 
airflow are illustrated by 10-3 and described in detail by functional characterizations Fl, 
F2, F6, F7, F8, F9, F13, F18, and F19. Fimctional block F9 defines the required bypass 
airflow as the difference between the baseline and demand silo airflows. F6, F7 and F8 
determine the demand silo airflow calculated from the adiabatic combustion temperature 
requirement in the post catalyst reaction zone 6-1 1 versus engine load. Fl, F2, F13, F18, 
and F19 calculate the baseline silo airflow through a series of air mass balance calculations. 
[0117] First, with respect to the demand silo airflow (Wa,siio dmd), EGTumit and EGT 
determined by the hardwired harness EGThw are provided at F6 and EGTdeita is calculated 
there from as follows: 

EGTdeita = (EGTiimit) - (EGThw) 

[0118] EGTdeita is then fed into block F7 together with the demand schedule number (DMD 
SCH#) based on activity measurements of the system. Activity measurements may be 
taken daily or at any other frequency. The DMD SCH# corresponds to a predetermined 
EGTdeita schedule from which a predetermined catalyst adiabatic combustion temperature 
demand (Tad,cataiyst dmd) is selected. The schedule for the catalyst adiabatic combustion 
temperature demand will change every time the demand schedule number (DMD SCH#) 
changes as required by the adaptive controls. An example of a typical schedule 
corresponding to a particular DMD SCH# is shovra below. If, for example, the EGTdeita is 
229°F, then F7 will output a Tad.cataiystDMD value of 1 154 °C. 
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1 delta 

F 


1 ad,catalyst 
DMD ^ 


0 


1292 


1 


1292 


63 


1291 


122 


1245 


178 


1 OA 1 

1201 


229 


1 1 C /I 

1154 


277 


1115 


320 


1110 




lOoi 


425 


1083 


440 


1083 


460 


980 


500 


980 


550 


730 



[0119] To calculate the silo airflow demand (Wa,siio dmd), the Tad.cataiyst dmd from F7 is fed to 
F8 along with the average prebumer inlet temperature (T32avg), the actual total fuel flow 
measvired by flowmeter (Wf^totai act)^ the natural gas temperature from the resistance 
temperature detector (RTD) at the fiiel skid (Fuel T). The silo airflow demand (Wa,siio dmd) 
is calculated as follows: 

( Wa,siio dmd) = (Wf,totai act) / (mass F/A) 
[0120] Mass F/A is defined by an analytical expressions relating adiabatic combustion 
temperature and fuel/air ratio. F9 determines the required bj^jass airflow (Wa,bypass rqd) by 
taking the difference between the baseline (Wa,siio bl-cf) and demand silo (Wa,siioDMD) 
airflows. 

[0121] The baseline (Wa,siio bl-cf) silo airflow is provided by illustrative functional 
characterizations Fl, F2, F13, F18 and F19. Referring first to block Fl, the ambient 
temperature, bellmouth pressure 1, bellmouth pressure 2, and bellmouth pressure 3 are 
inputs from which is calculated the engine airflow (Wa,engine) based on fundamental 
measurements on the engine that are accurate throughout the entire operating range of the 
engine. In this example, the engine airflow is calculated based on ambient temperature and 
pressure in the compressor's bellmouth as follows: 

Wa.cngine = A* (DP) +B * Tamb 

where A and B are constants, DP is the average of the 3 bellmouth pressures and Tamb is the 
ambient temperature. Next, the bleed airflow (Wa,bi€ed) is provided at block F18 where the 
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pressure upstream of the orifice plate in psia (Pl), the temperature upstream of the orifice 
plate in (Tl), the differential pressure in inches of water converted from a 0 to 10 psia 
transducer (dPorf) are inputs and the calculations are as follows: 

SCFM = 5.9815 x (d^) x (K) x (Y) x ^dP^^ x 7(2.703 xP^x SG)/(460 4- 

(2.703 X 14.7 X SG)/(460 + Tb) 

where 

d = orifice bore in inches 1 .55 

K = flow coefficient = C / V(l - P ) 

C = 0.5959 + 0,0312 - 0.184 (J^ + 91.71 ^ Rn"^^^ 

Y = expansion factor = 1 - [(0.41 +35 x P"*) x (dPorf x 0.361) (Pl x 1.4)] 

Tb = base temperature in = 60 

p = beta ratio (bore to pipe ID) = 1.55 / 2.067 = 0.7499 

SG = specific gravity = 1 .00 for air 

SH = specific heat ratio Cp/Cv = 1 .4 for air 

Rn = reynolds number at max flow = 532,634.0841 

Substituting the values and constants into the equation results in the following: 
SCFM = 188.0705 x (K) x (Y) x ^dP,^ x ^(2.703 x )/(460 + 7^) 
SCFM = 309.203 x (K) x (Y) x ^dP^^ x V(^J/(460 + rj 

[0122] The engine airflow minus the bleed airflow (Wa, eng-wd) is calculated at F19 by 
subtracting the bleed airflow obtained from the engine airflow (Wa,engine) as follows: 

Wa,eng-bld ~ (Wa,engine)-(Wa,bleed) 

[0123] At function block F2, the silo airflow baseline (Wa,siioBL) is determined. The silo 
airflow baseline is typically a fixed fraction of the available engine airflow. The engine 
airflow less bleed (Wa,eng-bid) from F19 and the silo air fraction constant 
(APP_SETUP.SILO_FRAC.IN) are inputted and the silo airflow baseline is calculated as 
follows: 

Wa,siloBL =(APP_SETUP.SILO_^FRAC.IN) * (Wa,eng.bld) 

[0124] Still referencing 10-3 of FIG. 10, the silo airflow baseline with correction factor 

(Wa,siio bl-cf) is provided at F13. The correction factor can be used to address those engine 

and combustor designs where the silo airflow is not a fixed fraction of the available engine 

airflow as a function of load. The correction faction should be a fimction of fimdamental 

engine performance measurements such as exhaust gas temperature, combustor pressure 
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drop, ambient temperature, ambient pressure, compressor discharge pressure and/or 
compressor discharge temperature. In this example, the correction factor is a function of 
the exhaust gas temperature (EGT). As can be seen in FIG. 10 at 10-3, the inputs to F13 
are the silo airflow baseline (Wa,siio bl), the difference between actual EGT and EGT limit 
(EGTdeita) from function F6, and a correction factor (CF) where: 

CF = 1 / (1 - y) and where 

y = A*EGTdeita + B 

The Wa,siio BL-CF is calculated as follows: 

Wa,siloBL-CF = Wa,siIoBL * CF 

[0125] Altematively, the silo airflow baseline can be calculated in a variety of other ways. 
For example, the silo airflow baseline can be calculated based upon the compressor 
discharge temperature, compressor discharge pressure and the differential pressure between 
the compressor discharge pressure and prebumer inlet. 

[0126] In another alternative, the silo airflow baseline can be calculated based upon the 
compressor speed and the ambient temperature and ambient pressure of the silo wherein the 
silo airflow baseline is a function of these parameters in addition to various constants and 
the normalized plant load output including any correction or bleed airflow if applicable. In 
this altemative, the output silo airflow baseline is only an estimate based upon given 
compressor efficiencies and operating parameters. As the gas turbine engine ages, its 
efficiency may differ from its actual operating efficiency such that the silo airflow baseline 
of this altemative differs slightly from the actual silo airflow. Other alternatives are also 
possible. For example, the silo airflow baseline can be calculated from a mass and heat 
balance based on total fuel flow and exhaust gas temperature measurements. The accuracy 
of the calculation can be improved by including losses for radiation, pressure losses in the 
inlet and exhaust duct, degradation of engine performance (compressor and turbine 
efficiencies), bleed air, and compressor inlet guide vanes among other losses. The silo 
airflow baseline can also be calculated from a mass balance based on exhaust gas emissions 
(specifically, CO2, O2, and H2O), total fuel flow and engine operating efficiencies. In yet 
another altemative, the silo airflow baseline can be calculated from a heat and mass balance 
across the prebumer or fuel/air mixer. 
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MEASURING THE BYPASS AIRFLOW 
[0127] Referring now to 10-4 of FIG. 10, the total bypass airflow can be measiired using a 
flow measuring device or calculated from key measurements of the bypass airflow 
temperature, the pressure drop across the bypass valve 6-40 and the effective area (Acd) of 
the bypass valve 6-40. The total bypass airflow comes from both the silo and engine 
cooling air. Since this portion of the control algorithm is concemed with the air 
management within the silo, the bypass airflow from the silo needs to be separated from the 
total bypass airflow measured. The fraction of total bypass air from the silo is a fimction of 
pressure drop across the bypass pipe and compressor discharge pressure. In the event this 
pressure drop measurement is not available, alternative measurements can be used. In this 
example, functional characterization F17, a schedule versus bypass valve position was 
employed. F17 outputs a bypass airflow with correction factor (Wa,bypass-CF) given the 
inputs of bypass valve feedback position and the bypass airflow from the flow meter 
measurement (Wa,by-pass act). The calculation at Fl 7 is as follows: 

Wa,bypass-CF = Wa, bypass ACT * CF 

[0128] CF is a predetermined correction factor based on the bypass valve position and 
selected from a table such as: 



Valve position 


CF 


0 


1 


25 


0.95 


50 


0.90 


75 


0.89 


100 


0.88 



[0129] The bypass airflow with correction factor (Wa,bypass-CF) is fed to F3 together with the 
silo airflow baseline with correction factor (Wa,siioBL-CF) to determine the actual silo airflow 
(Wa.siio act) by the following calculation: 

(Wa,snoACT) = (Wa,si!oBL^F) " (Wa,bypass-CF) 

[0130] The actual silo airflow is fed to Fl 1 to determine the airflow to the primary 
prebumer (Wa^pnm). The airflow to the primary prebumer (Wa^pnm) is corrected at F15 and 
fed to control block F30 to calculate the primary prebumer fuel flow set point (Wf,prim 
setpoint). The primary fuel flow set point is calculated as a function of the primary prebumer 
airflow, the prebumer inlet temperature (T32), and the demand prebumer exit temperature 
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(T34dmd). The demand prebumer exit temperatxire is obtained at FIO wherein the demand 
schedule number (DMD SCH#) and EGTdeita are inputs. At FIO, the demand schedule 
number provides a predetermined schedule relating EGTdeita to the demand prebumer exit 
temperature (T34dmd) which is selected based on the EGTdeita value. The primary fuel flow 
set point is compared to the actual primary fuel flow and the closed-loop PID control 
module provides an output to the primary prebumer fuel valve accordingly. 
[0131] In an embodiment that includes a secondary prebumer, the value for T34dmd 
obtained at FIO is used to calculate the secondary prebumer fuel flow wherein the 
secondary prebximer fuel flow is also a function of the prebumer inlet temperature (T32) 
and the secondary prebumer airflow (Wasec). The secondary prebumer airflow is obtained 
by calculating the difference between the primary prebumer airflow and the total silo 
airflow. Alternatively, the total prebumer fuel flow can be calculated as a function of the 
total silo airflow, the prebumer inlet temperature (T32), and the prebumer outlet 
temperature demand (T34dmd). The actual prebumer outlet temperature (T34act) feedback is 
used in closed loop control to trim the fiiel flow to the secondary prebumer. 

OPERATING THE BYPASS VALVE 
[0132] Referencing 10-5 of FIG. 10, bypass valve operation will now be discussed. The 
bypass valve should be closed loop controlled on bypass flow by comparing the required 
bypass airflow (10-3) to the measured bypass airflow (10-4). The closed loop control on 
bypass flow results in a demand signal to the valve. In the example illustrated in 10-5, the 
bypass valve h£is a position feedback feature to ensure the required valve position is 
attained and controlled. 

CONTROL OF A CATALYTIC COMBUSTION SYSTEM - PRIOR ART 

[0133] The basic control strategy for a catalytic combustion system is illustrated in 

FIG. 11. The output 1 1-1 of the low signal select bus (LSS) is equivalent to a total fuel 

flow requirement of the gas turbine engine. The total fuel flow requirement is fed to a 

catalyst adiabatic combustion temperature calculation 11-2 which is a function of total fuel 

flow, prebumer inlet temperature 11-3 and silo air mass flow 11-4. In this illustration, the 

silo air mass flow is a function of engine fundamental measurements of bell mouth pressure 

11-5 and ambient temperature 1 1-6. However, the invention is not so limited and other 

engine fundamental measurements can be employed as discussed above. The catalyst 

36 



wo 03/021150 



PCT/US02/27590 



adiabatic combustion temperature 1 1-7 is fed into the catalyst operating line schedule 
which specifies the prebumer operating temperature demand T34dmd 11-9 for any given 
catalyst adiabatic combustion temperature. The prebumer operating temperature demand 
1 1-9 is fed to the prebumer primary zone temperature control 11-10 and the prebumer 
secondary zone temperature control 11-11. 

[0134] The prebumer primary zone temperature control 1 1-10 is a function of primary zone 
airflow, prebumer inlet temperature T32 11-3 and prebumer operating temperature demand 
T34dmd 11-9. For any given temperature rise across the prebumer, defined as the difference 
between 11-9 and 11-3, there is a primary zone temperature demand. The primary zone 
temperature demand is translated into a primary fuel valve flow demand 11-12 using an 
adiabatic combustion temperature calculation. 

[0135] The prebumer secondary zone temperature control 11-11 is a function of secondary 
zone airflow, prebumer inlet temperature 11-3 and prebumer operating temperature 
demand 11-9. An adiabatic combustion temperature calculation is used to translate the 
prebumer temperature demand 1 1-9 to a total prebumer fuel flow demand. The primary 
fuel valve flow demand 1 1- 12 is subtracted from the total prebumer fiiel flow demand, 
which leaves the secondary fuel valve flow demand 11-13. The prebumer exit temperature 
1 1-14 is fed back to the prebumer secondary zone temperature control 1 1-1 1 so that the 
control system can increase or decrease the secondary fuel valve flow demand as needed to 
perform closed loop control on temperature. 

[0136] The total fuel flow requirement of the gas turbine engine (output 1 1-1 of the LSS) is 
also fed to the catalyst fuel flow control 11-15. Actual fuel flow from the primary fuel 
valve 11-16 and secondary fuel valve 11-17 are subtracted from the total fuel flow 
requirement 11-1. The remaining fuel flow is the demand 1 1-1 8 to the catalyst fuel valve. 



CONTROL OF A CATALYTIC COMBUSTION SYSTEM 

[0137] This control method of the present invention is illustrated in FIG. 12. The method 

for determining the prebumer operating temperature demand 12-9 is not a function of 

catalyst adiabatic combustion temperature 1 1-7. Instead, the control system utilizes the 

inherent relationship between the catalyst adiabatic combustion temperature and the 

difference (EGTddta) between exhaust gas temperature limit (EGTiimit) that defines full load 

and the exhaust gas temperature (EGT). The prebumer operating temperature demand 12-9 

can now be a function of the difference between EGT limit 12-7 A and EGT 12-7B, 
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Alternatively, the control system can employ the inherent relationship between the catalyst 
adiabatic combustion temperatxire and the exhaust gas temperature. 

[0138] In other embodiments, the control system utilizes the inherent relationship between 
the catalyst adiabatic combustion temperature and the turbine inlet temperature, between 
the adiabatic combustion temperature and the fuel-to-air ratio; between the adiabatic 
combustion temperature and the intermediate or interstage temperature measurement 
between the turbine and rotor in a two-stage assembly; between the adiabatic combustion 
temperature and the load or power output of the turbine. 

rONTROL OF A CATM.YTIC COMBUSTION SYSTEM WITH BYPASS AND 

BLEED VALVES 

[0139] FIG. 13 illustrates where the bypass 13-1 and bleed 13-2 control logic interfaces 
with the control logic of FIG. 12. Feed back from the bleed airflow rate from the flow 
meter 13-3 now impacts the silo air mass flow rate calculation 13-4. Details on the bypass 
and bleed control logic are shown in FIG.s 14 and 15 respectively. 
[0140] The bypass logic controls the catalyst adiabatic combustion temperature by 
comparing catalyst adiabatic combustion temperature output 14-8 to the catalyst adiabatic 
combustion temperature schedule demand 14-9 in the bypass airflow control block 14-10. 
The catalyst adiabatic combustion temperature calculation 14-1 is a fimction of silo air 
mass flow rate 14-2, prebumer inlet temperature 14-3, actual fiiel flow from the primary 
14-4, secondary 14-5 and catalyst 14-6 fiiel valves, and bypass airflow from the flow meter 
14-7. The catalyst adiabatic combustion temperature schedule demand 14-9 is a fimction of 
catalyst activity 14-11 and the difference between exhaust gas temperature limit (EGTumit) 
that defines fiiU load 14-12 and the exhaust gas temperature (EGT) 14-13. Alternatively, 
the catalyst demand schedule 14-9 is a fimction of catalyst activity and the turbine inlet 
temperature, the fiiel-to-air ratio, the intermediate or interstage temperature measurement, 
or the load or power output of the turbine. 

[0141] By comparing the catalyst adiabatic combustion temperature output 14-8 to the 
demand 14-9, the bypass airflow control block 14-10 determines the bypass airflow rate 
demand 14-14 to operate the bypass valve. The actual bypass airflow rate from the flow 
meter 14-7 is fed back into the bypass airflow control block 14-10 to perform closed loop 
control on bypass airflow. 
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[0142] Referring now to FIG. 15, the bleed valve control 15-1 is a function of an exhaust 
gas temperature difference set point (dEGTsetpoim) 15-2 and the difference between exhaust 
gas temperature limit (EGTumit) that defines full load 15-3 and the exhaust gas temperature 
(EGT) 15-4. The dEGTsetpoint 15-2 is determined from a schedule 15-5 based on catalyst 
activity 15-6. The bleed valve control demand 15-7 increases and decreases as needed to 
perform closed loop control on dEGT. Alternatively, the bleed valve control 15-1 is a 
function of the turbme inlet temperature, the fuel-to-air ratio, or the interstage temperature. 
[0143] Hence, control strategy has been developed to allow the gas turbine to operate at 
lower load or at other conditions where the total fuel required by the gas turbine is not 
optimum for full combustion of the fuel. The additional control strategy manages air that 
bypasses the catalytic combustor and air that bleeds off of the compressor discharge. The 
bypass system changes the fuel air ratio of tiie catalytic combustor without affecting the 
overall gas turbine power output. The bleed system also changes the fuel air ratio of the 
catalytic combustor but at the cost of reducing the overall gas turbine efficiency. The key 
advantage of a catalytic combustor with a bypass and bleed system and the inventive 
control strategy is that it can maintain the catalyst at optimum low emissions operating 
conditions over a wider load range than a catalytic combustor without such a system. 
[0144] As described herein, the present additional control strategy has been developed to 
allow the gas turbine to smoothly transition from full combustion of the fuel in the post 
catalyst reaction zone to minimal combustion in the reaction zone. The additional control 
strategy minimizes the air that bypasses the catalytic combustor, increases the temperature 
of the mixture upstream of the catalyst and operates the total fuel reqmred by the gas 
turbine on an open-loop control (non-feedback) basis. 

[0145] While unloading the gas turbine at a fixed ramp rate, tiie loss of the homogeneous 

combustion process wave in the post catalyst reaction zone rapidly and significantly 

reduces the shaft output power. The control system responds in such a manner that the 

homogeneous combustion process wave is re-established which increases shaft output 

power above the set point. With the feedback power greater than the set point, the control 

system responds such that the homogeneous combustion process wave is lost resulting in 

shaft output power less that the set pomt. This cycle of re-establishing and losing the 

homogeneous combustion process wave repeats several times until the fuel-to-air ratio in 

the post catalyst reaction zone is sufficiently low such that the homogeneous combustion 

process wave caimot re-establish itself. The problem is illustrated in FIG 16. 
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[0146] This invention provides an improved method of controlling the engine imloading 
sequence to eliminate the repeated cycles of re-establishing and losing the homogeneous 
combustion process wave and subsequent cycles in shaft output power. The improved 
method involves reducing the bypass airflow and increasing the catalyst inlet temperature 
(prebumer outlet temperature) while holding constant or ramping the total fiiel flow 
requirement of the engine on an open loop control (non-feed back control) basis. 
[0147] The improved control method is activated by detecting the loss of the homogeneous 
combustion process wave. The primary method of detecting the loss of the homogeneous 
combustion process wave is through the rate of change of shaft output power. However, 
other detection methods such as a temperature measurement device or flame sensor device 
in the post catalyst reaction zone or temperature of the engine exhaust gas could also be 
utilized. Once activated, the improved control method will ramp down the bypass air flow 
to reduce the fiiel-to-air ratio and increase the average velocity in the post catalyst reaction 
zone which minimizes the likelihood of re-establishing the homogeneous combustion 
process wave within the allowable residence time. One method of reducing the bypass 
airflow rate is to set the airflow rate demand to the bypass valve (14-14) to zero. 
Alternatively, the bypass valve position can be set to zero. 

[0148] Additionally, the control method will ramp up the catalyst inlet temperature 
(prebumer outlet temperature) to increase the catalyst exit temperature which minimizes 
the magnitude of the loss in output power resulting from the loss of the homogeneous 
combustion process wave in the post catalyst reaction zone. This could be done by setting 
the prebumer temperature set point 13-4 to a value of 650C for example. 
[0149] Furthermore, the control system will hold constant or ramp the total fiiel flow 
requirement of the engine via open loop control which will eliminate the repeated feedback 
cycles of re-establishing and losing the homogeneous combustion process wave and 
subsequent cycles in output power. This can be done by holding constant or ramping the 
value of the LSS output 13-5. The value at which 13-5 is held constant at a value high 
enough to ensure shaft output is sufficient for the engine to stay synchronized to the grid 
and continue exporting power yet low enough to ensure homogeneous combustion does not 
re-establish. In the case where the total fuel flow requirement is ramped up, the limits for 
the ramp should be bracketed by values such that shaft output is sufficient for the engine to 
stay synchronized to the grid and homogeneous combustion does not re-establish. 
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[0150] Also, the control system will decrease the bleed air flow to reduce the fuel-to-air 
ratio and increase the average velocity in the post catalyst reaction zone which minimizes 
the likelihood of re-establishing the homogeneous combustion process wave within the 
allowable residence time. One method of reducing the bleed air flow rate is to set the delta 
EGT set point 15-2 to the bleed valve control 15-1 to very large number, say 500^C. 
Alternatively, the bleed valve position can be set to zero. These temporary processes will 
continue for a fixed time after detecting the loss of the homogeneous combustion process 
wave or when the shaft output is equal to the set point; at which point the control system 
will operate per the normal operating schedule and closed loop control basis. The fixed 
time duration should be long enough to ensure the homogeneous combustion cannot re- 
establish itself and will depend on many parameters such as the unloading ramp rate, 
thermal mass of the engine, BOZ residence time. 

[0151] Various novel control systems developed to date for gas turbine catalytic 
combustion systems may optionally utilize a fixed relationship between the a) fiiel air ratio 
and b) the temperature of the mixture fed to the catalyst. The fuel air ratio is determined by 
the fuel requirements of the gas turbine and the compressor's output. A flame combustor 
upstream of the catalyst adjusts the temperature of the mixture. This relationship provides 
iJie ability for the turbine control system to operate during start up and at different load 
conditions while still maintaining the catalyst at optimum operating conditions with very 
low emissions. 

[0152] The present additional control strategy has been developed to allow the gas turbine 
to operate at lower load or at other conditions where the toted fiiel required by the gas 
turbine is not optimum for full combustion of the fuel. The present invention manages air 
that bypasses the catalytic combustor and air that bleeds off of the compressor discharge. 
For example, as shown in Table D, 
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when the percent load decreases, the bypass valve will open to attained the scheduled Tad. 
As the load continues to drop the bleed valve will open to maintain the desired dEGT 
setpoint as shown in Table C. However, when the bleed valve is able to control to a 
specific dEGT setpoint, for example between 70% to 30% load shown on Table D, the 
bypass valve remains constant because the Tad needs to remain constant according to the 
dEGT versus Tad schedule of Table B. The Tad and bypass valve can remain constant 
while load is reduced because the fuel flow remains constant while bleeding off air which 
reduces the over-all turbine efficiency. The bypass system changes the fuel air ratio of the 
catalytic combustor without affecting the overall gas turbine power output. The bleed 
system also changes the fuel air ratio of the catalytic combustor but at the cost of reducing 
the overall gas turbine efficiency. The key advantage of a catalytic combustor with a 
bypass and bleed system and the inventive control strategy is that it can maintain the 
catalyst at optimum low emissions operating conditions over a wider load range than a 
catalytic combustor without such a system. 
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CLAIMS 

What is claimed is: 

1 . A method of controlling a catalj^ic combustion system comprising an air 
supply, a flame bumer, a fuel injector positioned downstream of the flame burner and a 
catalyst positioned downstream of the fuel injector, a flow path containing a valve that 
directs a portion of the airflow to bypass the catalyst, wherein a portion of the fuel 
combusts within the catalyst and a remainder of the fuel combusts in the region 
downstream of the catalyst, comprising: 

determining the adiabatic combustion temperature at the catalyst inlet; 
adjusting the airflow that bypasses the catalyst to maintain the adiabatic 
combustion temperature at the catalyst inlet within a predetermined range. 

2. The method of claim 1, wherein the adiabatic temperature is determined by 
monitoring a) the airflow through the combustor, b) the fuel flow to the combustor and c) 
the temperature of the gas mixture entering the combustor. 

3. The method of claim 2, wherein the airflow through the combustor is 
determined by measuring the airflow through the compressor, multiplying by the fraction 
of air flowing to the combustor, and subtracting the airflow through the bypass. 

4. The method of claim 3, wherein the airflow through the compressor is 
determined by measuring the pressure drop at the compressor inlet bell mouth. 

5. The method of claim 3, wherein the airflow through the bypass is 
determined by a flow measuring device located in the bypass flow path. 

6. The method of claim 5, wherein the flow measuring device consists of a 
restriction to the flow and a sensor to measure pressure drop across the resistance. 

7. A method of controlling a catalytic combustion system comprising an air 

supply, a flame burner, a fuel injector positioned downstream of the flame bumer and a 

catalyst positioned downstream of the fuel injector, a flow path containing a valve that 

directs a portion of the airflow to bypass the catalyst, wherein a portion of the fuel 
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combusts within the catalyst and a remainder of the fuel combusts in the region 
dovrastream of the catalyst, comprising: 

determining the adiabatic combustion temperature at the catalyst inlet; 

measuring the exhaust gas temperature; 

calculating the exhaust gas temperature at full load; 

adjusting the airflow that bypasses the catalyst to maintain the adiabatic 
combustion temperature at the catalyst inlet based upon a predetermined schedule that 
relates the i) adiabatic combustion temperature at the catalyst inlet to ii) the difference 
between the measured exhaust gas temperature and the calculated exhaust gas temperature 
at fiill load. 

8. The method of claim 7, wherein the adiabatic temperature is determined by 
monitoring a) the airflow through the combustor, b) the fuel flow to the combustor and c) 
the temperature of the gas mixture entering the combustor. 

9. The method of claim 8, wherein the airflow through the combustor is 
determined by measuring the airflow through the compressor, multiplying by the fraction 
of air flowing to the combustor, and subtracting the airflow through the bypass. 

10. The method of claim 9, wherein the airflow through the compressor is 
determined by measuring the pressure drop at the compressor inlet bell mouth. 

1 1 . The method of claim 9, wherein the airflow through the bypass is 
determined by a flow measuring device located in the bypass flow path. 

1 2 . The method of claim 1 1 , wherein the flow measuring device consists of a 
restriction to the flow and a sensor to measure pressure drop across the resistance. 

13. The method of claim 7, wherein the exhaust gas temperature is measured by 
a thermocouple installed in the exhaust stream. 

14. A method of controlling a catalytic combustion system comprising an air 

supply, a flame burner, a fuel injector positioned downstream of the flame bxjmer and a 
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catalyst positioned downstream of the fuel injector, a flow path containing a valve that 
directs a portion of the airflow to bypass the catalyst, wherein a portion of the fuel 
combusts within the catalyst and a remainder of the fuel combusts in the region 
downstream of the catalyst, comprising: 

determining the adiabatic combustion temperature at the catalyst inlet; 

measuring the load; 

calculating full load; 

adjusting the airflow that bypasses the catalyst to maintain the adiabatic 
combustion temperature at the catalyst inlet based upon a predetermined schedule that 
relates the i) adiabatic combustion temperature at the catalyst inlet to ii) the difference 
between the measured load and the calculated full load, 

15. The method of claim 14, wherein the adiabatic temperature is determined by 
monitoring a) the airflow through the combustor, b) the fuel flow to the combustor and c) 
the temperature of the gas mixture entering the combustor. 

16. The method of claim 15, wherein the airflow through the combustor is 
determined by measuring the airflow through the compressor, multiplying by the fraction 
of air flowing to the combustor and subtracting the airflow through the bypass. 

17. The method of claim 16, wherein the airflow through the compressor is 
determined by measuring the pressure drop at the compressor inlet bell mouth. 

18. The method of claim 14, wherein the airflow through the bypass is 
determined by a flow measuring device located in the bypass flow path. 

1 9. The method of claim 1 8, wherein the flow measuring device consists of a 
restriction to the flow and a sensor to measure pressure drop across the resistance. 

20. The method of claim 14, further comprising a power turbine downstream of 
the catalyst and a generator connected to the power turbine wherein the measured load is 
the output of the generator. 
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21 . The method of claim 20, wherein the difference between the load and the 
calculated full load is determined from the turbine compressor discharge pressvire, and 
exhaust gas temperature. 

22. The method of claim 14, wherein the catalyst is controlled via a schedule 
versus fuel air ratio (at the catalyst inlet) or Tad (adiabatic combustion temperature) or 
EGT-delta (difference between calculated exhaust gas temperature at full load and 
measured exhaxist gas temperature) in combination with a bypass and bleed. 

23. A method of controlling a catalj^ic combustion process consisting of a 
combustion zone through which air is flowed wherein the process includes, a fuel injection 
means to provide fuel to a catalyst and one or more catalyst sections wherein: 

a portion of the fuel is combusted vsdthin the catalyst and the remaining fuel 
exits the outlet face of the catalyst and combusts in a homogeneous combustion reaction in 
the space downstream of said catalyst outlet face, 

a bypass system operation is based on engine output power to maximize the 
low emissions operating range of said catalyst, and 

the bypass valve closed loop control is based on a flow measuring device. 

24. The method of claim 23, in which 

the bypass system operation is based on fundamental engine performance 
measurements such as exhaust gas temperature, ambient temperature, compressor discharge 
pressure, compressor discharge temperature. 

25. The method of claim 23, in which 

the bypass valve closed loop control is based on the valve's feedback 

position 

26. A method of controlling a catalytic combustion process consisting of a 
combustion zone through which air is flowed wherein the process includes, a fuel injection 
means to provide fiiel to a catalyst and one or more catalyst sections wherein: 
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a portion of the fuel is combusted within the catalyst and the remaining fuel 
exits the outlet face of the catalyst and combusts in a homogeneous combustion reaction in 
the space downstream of said catalyst outlet face, 

the bypass system operation is based on fundamental engine performance 
measurements such as exhaust gas temperature, ambient temperature, compressor discharge 
pressure, compressor discharge temperature; and 

the bypass valve closed loop control is based on the valve's feedback 

position. 

27. A method of controlling a catedytic combustion process consisting of a 
combustion zone through which air is flowed wherein the process includes, a fuel injection 
means to provide fuel to a catalyst and one or more catalyst sections wherein: 

a portion of the fuel is combusted within the catalyst and the remaining fiiel 
exits the outlet face of the catalyst and combusts in a homogeneous combustion reaction in 
the space downstream of said catalyst outlet face, 

a bleed system operation is based on exhaust gas temperature to maximize 
the low emissions operating range of said catalyst; and 

the bleed valve closed loop control is based on exhaust gas temperature. 

28. A method of controlling a catalytic combustion process consisting of a 
combustion zone through which air is flowed wherein the process includes, a fuel injection 
means to provide fiiel to a catalyst and one or more catalyst sections wherein: 

a portion of the fuel is combusted within the catEilyst and the remaining fuel 
exits the outlet face of the catalyst and combusts in a homogeneous combustion reaction in 
the space downstream of said catalyst outlet face, 

a bypass system operation is based on engine output power to maximize the 
low emissions operating range of said catalyst, 

a bleed system operation is based on exhaust gas temperature to further 
increase the low emissions operating range of said catalyst, 

the bypass valve closed loop control is based on a flow measuring device, 

and 

the bleed valve closed loop control is based on exhaust gas temperature. 
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29. A method of controlling a catalytic combustion system comprising a 
combustor having an air supply, a flame bumer, a fuel injector positioned downstream of 
the flame bumer and a catalyst positioned downstream of the fuel injector, a flow path 
containing a valve that directs a portion of the airflow to bypass the catalyst, wherein a 
portion of the fuel combusts within the catalyst and a remainder of the fuel combusts in the 
region downstream of the catalyst, comprising: 

measuring at least one thermodynamic combustion system parameter; 

selecting a first predetermined schedule that relates the at least one 
thermodynamic combustion system parameter to a predetermined airflow that bypasses the 
catalyst; 

controlling the airflow that bypasses the catalyst by selecting the 
predetermined airflow that bypasses the catalyst from the first predetermined schedule 
based on the at least one measured thermodynamic combustion system parameter. 

30. The method of claim 29 or 33 wherein in the at least one thermodynamic 
combustion system parameter is selected from the group consisting of the exhaust gas 
temperature, the difference between the exhaust gas temperature and a calculated exhaust 
gas temperature at full load, the turbine inlet temperature; the combustor outlet 
temperature, the combustor inlet temperature, turbine load, the catalyst inlet temperature, 
catalyst temperature, the catalyst outlet temperature, the adiabatic combustion temperature, 
the prebumer outlet temperature, the prebumer inlet temperature, the prebumer inlet 
pressure, the prebumer outlet pressure, the catalyst inlet pressure, the catalyst outlet 
pressure, the combustor inlet pressure, the combustor outlet pressure, fiiel flow to a primary 
zone prebumer, fuel flow to a secondary zone prebumer, fuel flow to the combustor, fuel 
flow to the catalyst, airflow to a primary zone prebimier, airflow to a secondary zone 
prebumer, and airflow to the combustor. 

3 1 . The method of claim 30 further including the steps of: 

providing feedback of the at least one thermodynamic combustion system 

parameter; and 

adjusting the airflow that bypasses the catalyst based on the feedback. 



32. The method of claim 3 1 wherein the feedback is closed loop. 
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33. The method of claim 30 further mcluding the steps of: 

providing a flow path containing a valve that bleeds combustor inlet air 

flow; 

selecting a second predetermined schedule that relates the at least one 
thermodynamic combustion system parameter to a predetermined airflow that bleeds 
combustor inlet air flow; and 

controlling the airflow that bleeds combustor inlet air flow by selecting the 
predetermined airflow that bleeds combustor inlet air flow from the second predetermined 
schedule based on the at least one measured thermodynamic combustion system parameter. 

34. The method of claim 33 further including the steps of: 

providing feedback of the at least one thermodynamic combustion system 

parameter; and 

adjusting the airflow that bleeds combustor inlet air flow based on the 

feedback. 

35. The method of claim 34 wherein the feedback is closed loop. 

36. The method of claim 30 or 33 wherein the step of controlling the airflow 
that bypasses the catalyst includes the step of preselecting a thermodynamic combustion 
system parameter setpoint. 

37. The method of claim 36 wherein the combustion system parameter setpoint 
is selected to reduce combustor emissions. 

38. The method of claim 36 wherein the step of controlling the airflow that 
bleeds combustor inlet air flow includes adjusting the airflow that bleeds combustor inlet 
air flow to maintain the setpoint. 

39. The method of claim 36 wherein the step of controlling the airflow that 
bleeds combustor inlet air flow includes the step of preselecting a second thermodynamic 
combustion system parameter setpoint. 
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40. The method of claim 39 wherein the step of controlling the airflow that 
bleeds combustor inlet air flow includes the step of adjusting the airflow that bleeds 
combustor inlet air flow to maintain the second setpoint. 

41 . The method of claim 39 wherein the second thermodynamic combustion 
system parameter setpoint is selected to reduce combustor emissions. 

42. A method of controlling a catalytic combustion system comprising a 
combustor having an air supply, a flame burner, a fiiel injector positioned downstream of 
the flame bumer and a catalyst positioned downstream of the fuel injector, a flow path 
containing a valve that bleeds combustor inlet air flow, wherein a portion of the fuel 
combusts within the catalyst and a remainder of the fuel combusts in the region 
downstream of the catalyst, comprising: 

measuring at least one thermodynamic combustion system parameter; 

selecting a first predetermined schedule that relates the at least one 
thermodynamic combustion system parameter to a predetermined airflow that bleeds 
combustor inlet air flow; 

controlling the airflow that bleeds combustor inlet air flow by selecting the 
predetermined airflow that bleeds combustor inlet air flow from the first predetermined 
schedule based on the at least one measured thermodynamic combustion system parameter. 

43. The method of claim 42 wherein in the at least one thermodynamic 
combustion system parameter is selected from the group consisting of the exhaust gas 
temperature, the difference between the exhaust gas temperature and a calculated exhaust 
gas temperature at fiill load, the turbine inlet temperature; the combustor outlet 
temperature, the combustor inlet temperature, turbine load, the catalyst inlet temperature, 
catalyst temperature, the catalyst outlet temperature, the adiabatic combustion temperature, 
the prebumer outlet temperature, the prebumer inlet temperature, the prebumer inlet 
pressure, the prebumer outlet pressure, the catalyst inlet pressure, the catalyst outlet 
pressure, the combustor inlet pressure, the combustor outlet pressure, fuel flow to a primary 
zone prebumer, fuel flow to a secondary zone prebumer, fuel flow to the combustor, fuel 
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flow to the catalyst, airflow to a primary zone prebumer, airflow to a secondary zone 
prebumer, and airflow to the combustor. 

44. The method of claim 42 further including the steps of: 

providing feedback of the at least one thermodynamic combustion system 

parameter; and 

adjusting the airflow that bleeds combustor inlet air flow. 

45. The method of claim 44 wherein the feedback is closed loop. 
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